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KEYNOTE SPEAKERS

PLENARY SESSION
Andreas Michanickl, University of Applied Sciences Rosenheim, Germany.
“Wood-Based-Panels and Composites – Challenges and Perspectives for the Future”.

Shigehiko Suzuki, Shizuoka University, 
Japón.
“Elements of wood-based material 

research from lamina to nano”.

Warren Grigsby, SCION, New Zealand.
“Interfacial Adhesion Behaviors within 

Natural Fiber Composites: A View at Fiber 

Level”.

Andreja Kutnar, University of Primorska, 
Eslovenia.
“Traditional and Innovative Wood-Based 

Bioproducts”.

Danny García Marrero, UCSC, Chile.
“Polycarboxylated Flavonoid Oligomers as 

Functional Additives for Polylactic Acid-

, Polystyrene-, and Polyethylene-Based 

Composites”.

John Wolodko, Alberta Innovates, 
Canadá.
“An Overview of Materials R&D Activities 

in Alberta’s Bioresource Sector”.

James Hague, Australian Forest Research 
Company Pty Ltd, Australia.

Juan Matos Lale, Unidad de Desarrollo 
Tecnológico, Chile.
“Eco-Friendly Methodology for the 

Synthesis of Graphene-Based Catalytic 

Membrane Reactors”.

Roger M. Rowell, University of Wisconsin 
– Madison, USA.
“From Academic to Commercial: Story of 

Acetylation of Wood”.
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SCHEDULE

17:30 – 18:00 Registration (UDT)

18:00 – 20:00 Welcome drink (UDT)

08:00 – 09:00 Registration

09:00 – 09:40 Opening ceremony

Alex Berg - Executive Director Technological Development Unit, UDT.

Carlos González - Vice-rector of Research and Development, University of Concepción.

Roger M. Rowell - Professor Emeritus of the University of Wisconsin, Madison, United States.

09:40 – 10:30 PLENARY SESSION
Andreas Michanickl, University of Applied Sciences Rosenheim, Germany.
“Wood-Based-Panels and Composites – Challenges and Perspectives for the Future”.

10:30 – 11:00 Coffee

11:00 – 11:40 SESSION 1: BIOCOMPOSITES I
Keynote: Shigehiko Suzuki, Shizuoka University, Japan.
“Elements of wood-based material research from lamina to 
nano”.

SESSION 2: ADHESIVES AND BONDING 
Keynote: Warren Grigsby, SCION, New Zealand.
“Interfacial Adhesion Behaviors within Natural Fiber 
Composites: A Ciew at Fiber Level”.

11:40 – 12:05 The Use of X-Ray Computed Tomography in Bio-Composite 

Research.

José Couceiro, Luleå University of Technology, Sweden.

Mecanical Performance of Glue Jointd in Structural Hardwod 

Elements.

Peter Niemz, ETH Zurich, Institute for Building Materials, 

Switzerland.

12:05 – 12:30 A New Biobased Composite Material Using Bark Fibres 

Eucalyptus.

Cecilia Fuentealba, Unidad de Desarrollo Tecnológico, Chile.

Environmental friendly natural resins from polyphenolic 

extracts: Perspectives and challenges

Jorge Santos Ucha, Unidad de Desarrollo Tecnológico, Chile. 

12:30 – 12:55 Changes in Mechanical and Surface Properties of Medium 

Density Fiberboards and Particleboards with Accelerated 

Aging Test. 

Sahriyanti Saad, Shizuoka University, Japan.

Wood-Straw Composites Bonded with Urea Formaldehyde 

Glue Modified by Ethanol. 
Emilia-Adela Salca, Transilvania University of Brasov, Romania.

13:00 – 14:00 Lunch

14:00 – 14:40 SESSION 3: BIOCOMPOSITES II
Keynote: Andreja Kutnar, University of Primorska, Slovenia.
“Traditional and Innovative Wood-Based Bioproducts”.

SESSION 4: BIOPLASTICS 
Keynote: Danny García Marrero, UCSC, Chile.
“Polycarboxylated Flavonoid Oligomers as Functional 
Additives for Polylactic Acid-, Polystyrene-, and Polyethylene-
Based Composites”.

14:40 – 15:05 Continuous Wood Surface Densification – Chemical 
Treatments to Reduce the Set-Recovery.

Benedikt Neyses, Luleå University of Technology, Sweden.

Lignin-Ester Derivative as Matrix for Composites Elaboration 

by Press Moulding.

Jalel Labidi, University of the Basque Country, Spain.

15:05 – 15:30 Wood preservatives utilising low-value olive production 

products in Slovenian Istria.

Matthew Schwarzkopf, University of Primorska, Slovenia.

Bio-Based Polymer Pellets and Films Derived from Agro-

Industrial Residues.

Jesús Serrano, Center for Advanced Polymer Research (CIPA), 

Chile.

15:30 – 15:55 Performance of Medium Density Fibreboards Prepared with 

Recycled Fibers.

Byung-Dae PARK, Kyungpook National University, Republic 

of Korea.

Supercritical Impregnation of Cinnamaldehyde into PLA Films 

to Develop Antimicrobial Food Packaging Materials.

Carolina Villegas Vallejos, University of Santiago de Chile, Chile.

15:55 – 16:40 COFFEE & POSTER SESSION

16:40 – 17:05 Electrospun Nanofibers Using Whole Microalgal Biomass: 
A Novel Sustainable Approach in the Field of Biobased 

Composite Materials. 

Sivashunmugam Sankaranarayanan, Universidad de La 

Frontera, Temuco, Chile.

Adhesive Forces Acting Between the Components of 

Wood-Plastic Composites on Molecular and Macroscopic scale.

Bernard Effah, Stellenbosch University, South Africa.

17:05 – 17:30 Novel Biocomposite Based on Chitosan - Sphagnum 

magellanicum Fibers. 

Gustavo Cabrera, Centro de Investigación, Desarrollo e 

Innovación (CIDI), Grupo Hijuelas, Chile.

A novel hydrocolloid wound dressing based on pectin, starch 

and bioactive extracts of Chilean native plants .

Constanza Sabando, Center for Advanced Polymer Research 

(CIPA), Chile.

20:00 PARRILLADA (CHILEAN BARBECUE - Club House Victoria)
Free for full registration participants. Others attendees $30.000 / USD 45

MONDAY, NOVEMBER 14TH

SUNDAY, NOVEMBER 13TH
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09:30 – 10:10 SESSION 5: FIBER REINFORCED PLASTICS
Keynote: John Wolodko, Alberta Innovates, Canada.
“An Overview of Materials R&D Activities in Alberta’s 
Bioresource Sector”.

SESSION 6: BIOCOMPOSITES RESEARCH IN INDUSTRY
Keynote: James Hague, Australian Forest Research Company 
Pty Ltd, Australia.

10:10 – 10:35 Study of Macro Algae and Mollusc Wastes as Secondary 

Fillers  in Novel Wood-Plastic Bio-composite Particleboard.

Claudia Echeverria, University of New South Wales, 

Australia.

Industrial experience regarding natural and low emision 

adhesives

Esteban Ramírez, Innovation Manager, Research and 

Development, MASISA S.A.

10:35 – 11:00 Experimental study of the effect of organic powder in a 

composite matrix of Fiber Reinforced Plastics (FRP).

Katherine Sanhueza, Universidad de La Frontera, Chile.

Cellulose microfibrilles: From the laboratory to industrial scale.
Dr. Eduardo Izquierdo, Director Research and Development

COMASA S.A., Forestal y Papelera Concepción.

11:00 – 12:20 COFFEE & POSTER SESSION

12:20 – 12:45 Novell Compounding Process for Utilizing TMP-Fibers in 

Wood-plastic Composites.

Oliver Mertens, University Hamburg, Germany.

Adaptation and transference of high standard timber frame 

construction.

Carla Chávez, Polo Madera Program, Universidad de 

Concepción, Chile.

12:45 – 13:10 Steam Explosion as a Treatment of Hemp Fibers (Cannabis 

Sativa L.) for Production of Composite Materials.

Thibaud Sauvageon, Université de Lorraine, France.

“WOODEN CONNECTION” Embracing territories through 

architecture and design

Susana Herrera, Factoría.

13:10 – 14:30 Lunch

14:30 – 15:10 SESSION 7: CARBON BASED MATERIALS
Keynote: Juan Matos Lale, Unidad de Desarrollo 
Tecnológico, Chile.
“Eco-Friendly Methodology for the Synthesis of Graphene-
Based Catalytic Membrane Reactors”.

SESSION 8: MODIFIED WOOD COMPOSITES
Keynote: Roger M. Rowell, University of Wisconsin – Madison, 
USA.
“From Academic to Commercial: Story of Acetylation of 
Wood”.

15:10– 15:35 Elucidating the role of ammonia-based salts on the prepa-

ration of cellulose-derived carbon aerogels

Luis E. Arteaga, Unidad de Desarrollo Tecnológico, Chile.

Esterified Lignin as Hydrophobic Agent for Use on Wood 
Products.

René Herrera Díaz, University of the Basque Country, Spain.

15:35 – 16:00 Synthesis of Visible-Light Response TiO
2
 and its Application 

to Carbonized Board.

Sung-Phil Mun, Chonbuk National University, South Korea.

Surfactant Properties of Alkenyl Succinates Derived of Lignins.

Nacarid Delgado, Unidad de Desarrollo Tecnológico, Chile.

16:00 – 16:25 Coffee

16:25 – 16:50 Microencapsulation of Polyphenols Extracted from Pinus 

radiata bark.

Tomás Kappes R., Universidad de Concepción, Chile.

16:50 – 17:20 POSTER AWARDS AND CLOSING CEREMONY

TUESDAY, NOVEMBER 15TH
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ADHESIVES AND BONDING

AB01 
SECOND GENERATION AMINO RESINS

JOÃO FERRA
EURORESINAS - INDÚSTRIAS QUÍMICAS SA - PORTUGAL

AB02 
ENGINEERED WOOD PRODUCTS MADE WITH 100% BIO-BASED 

ADHESIVES: NEW APPROACHES TO DESIGNING ADHESIVES FOR 

WOOD PANEL MANUFACTURE

WARREN GRIGSBY
SCION - NEW ZEALAND

BIO-RESOURCES

BR01 
INFLUENCE OF TREE HEIGHT IN THE CHEMICAL COMPOSITION OF 

THE LIPOPHILIC EXTRACTS FROM THE Eucalyptus Nitens BARK

NICOLÁS GONZÁLEZ
UNIVERSIDAD DE CONCEPCIÓN - CHILE

BR02 
FILMS BASED ON FUNGAL BIOMASS DERIVED CHITOSAN

GUSTAVO CABRERA
CENTRO DE INVESTIGACIÓN, DESARROLLO E INNOVACIÓN (CIDI), 
GRUPO HIJUELAS - CHILE

BR03 
ANTIMICROBIAL ACTIVITY OF MODIFIED/UNMODIFIED 

POLYFLAVONOIDS AND LIGNIN FROM PINUS RADIATA OBTAINED 

UNDER PILOT-PLANT SCALE

DANILO A. ESCOBAR
UNIDAD DE DESARROLLO TECNOLÓGICO - CHILE

BR04 
GROWING UP IN DIFFERENT ALTITUDE: CHANGES IN THE GROSS 

CALORIFIC VALUE AND ELEMENTAL COMPOSITION OF Abies religiosa 

WOOD

RICARDO MUSULE
INSTITUTO DE BIOTECNOLOGÍA Y ECOLOGÍA APLICADA, 
UNIVERSIDAD VERACRUZANA - MEXICO

BR05 
ESTIMATION OF WASTE MEDIUM DENSITY FIBREBOARD 

GENERATION FROM DIFFERENT SOURCES FOR ITS RECYCLING IN 

KOREA

JEONGKWAN ROH
KYUNGNAM NATIONAL UNIVERSITY OF SCIENCE AND TECHNOLOGY - 
REPUBLIC OF KOREA

BR06 
PRELIMINARY STUDY OF FRACTIONATION AND PURIFICATION OF 

STILBENOIDS FROM EXTRACT OF Vitis vinifera (PINOT NOIR) GRAPE 

CANE BY ADSORPTION ON MACROPOROUS RESINS (XAD-7)

SEBASTIAN RIQUELME
UNIDAD DE DESARROLLO TECNOLÓGICO - CHILE

BR07 
CARACTERISATION OF NETTLE FIBERS PRODUCED BY STEAM 

EXPLOSION

PAOLA NAVARRETE
LERMAB - UNIVERSITÉ DE LORRAINE - FRANCE

BR08 
PRODUCTION OF FIBERS FROM METAL-RICH PHYTOREMEDIATION 

HEMP

THIBAUD SAUVAGEON
UNIVERSITÉ DE LORRAINE - FRANCE

BR09 
BACTERIAL POLYHYDROXYALKANOATE FOR ELECTROSPUN FIBER 

PRODUCTION

FRANCISCA ACEVEDO
UNIVERSIDAD DE LA FRONTERA - CHILE

POSTER SESSION

BIOPLASTICS AND BIOCOMPOSITES

BB01 
COMPOSITE PANELS MADE FROM TETRA-PAK AND POLYETHYLENE 

WASTE MATERIALS

EMILIA-ADELA SALCA
TRANSILVANIA UNIVERSITY OF BRASOV - ROMANIA

BB02 
DYNAMICS OF SMALL MOLECULES IN METAL-ORGANIC 

FRAMEWORKS (MOFs) STUDIED BY 2H AND 13C SOLID-STATE NMR

HAIYAN MAO
NANJING FORESTRY UNIVERSITY - CHINA

BB03 
EFFECT OF DIFFERENT POLYMER BLENDING ON THE MECHANICAL 

PROPERTIES OF POLYPROPYLENE  BASED WOOD PLASTIC 

COMPOSITE

HIKARU KOBORI
SHIZUOKA UNIVERSITY - JAPAN

BB04
SELF-BONDED COMPOSITE FILMS BASED ON CELLULOSE 

NANOFIBERS AND POLYLACTIC ACID MICROFIBRILS. 

EDUARDO ROBLES
UNIVERSITY OF THE BASQUE COUNTRY UPV/EHU, ESPAÑA.

BB05 
GREEN COMPOSITES OF RESIDUAL MICROALGAE BIOMASS: 

ADVANCES IN MICROALGAE BIOMASS BIOREFINERY FOR BIODIESEL 

PRODUCTION

SIMONET TORRES
CEDENNA, UNIVERSIDAD DE SANTIAGO DE CHILE - CHILE

BB06 
THERMAL AND MECHANICAL CHARACTERIZATION OF COMPOSITES 

BASED ON A POLYMERIC MATRIX OF POLYLACTIC ACID, 

POLYETYLENE GLYCOL AND TALC

IVÁN RESTREPO
UNIDAD DE DESARROLLO TECNOLÓGICO - CHILE

BB07 
EFFECT OF ACTIVATIOAN AND MAGNETIZATION ON THE 

ADSORPTIVE REMOVAL OF METHYLENE BLUE ONTO OAT HULL 

BIOCHAR

MARÍA EUGENIA GONZÁLEZ
UNIVERSIDAD CATÓLICA DE TEMUCO - CHILE

BB08 
BIOCOMPOSITES WITH FORESTAL RESIDUES OF TZALAM (Lysiloma 

latisiliquum) AS REINFORCEMENT

CANCHÉ-ESCAMILLA G
CENTRO DE INVESTIGACIÓN CIENTÍFICA DE YUCATÁN - MEXICO

BB09 
DEVELOP AND CHARACTERIZATION OF BIODEGRADABLE 

COMPOSITE TO USE IN FOREST INDUSTRY

CATALINA CASTILLO SEPÚLVEDA
UNIDAD DE DESARROLLO TECNOLÓGICO - CHILE

BB11 
CHARACTERIZATION AND APPLICATION OF A NATURAL POLYMER AS 

A THERMAL INSULATION BIOMATERIA

JUAN PABLO CÁRDENAS RAMÍREZ
UNIVERSIDAD DE LA FRONTERA - CHILE

BB12 
MECHANICAL AND PHYSICAL PROPERTIES OF HEMP FIBER-MAT 

REINFORCED POLYETHYLENE FILM COMPOSITES

HEIKKO KALLAKAS
TALLINN UNIVERSITY OF TECHNOLOGY - ESTONIA
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NEW ANALYTICAL TECHNIQUES, PROPERTIES AND 
TESTING

NA01 
In-situ MOISTURE CONTENT AND DENSITY MEASUREMENTS IN 

SURFACE DENSIFIED WOOD USING DUAL X-RAY ABSORPTIOMETRY 

IN MEDICAL CT-SCANNING

JOSÉ COUCEIRO
LULEÅ UNIVERSITY OF TECHNOLOGY - SWEDEN

PROCESSING TECHNOLOGIES

PT01 
RESISTANCE OF SMOKED GLUED LAMINATED LUMBER TO 

SUBTERRANEAN TERMITE ATTACKTITLE

Y. S. HADI
BOGOR AGRICULTURAL UNIVERSITY - INDONESIA

PT02 
INFLUENCE OF VENEER DENSIFICATION UPON THE PROCESS OF 

PLYWOOD PRODUCTION

EMILIA-ADELA SALCA
TRANSILVANIA UNIVERSITY OF BRASOV - ROMANIA

PT03 
ANAEROBIC DIGESTION OF CHICKEN MANURE: EFFECT OF 

SUBSTRATE CONCENTRATION ON THE BIOGAS YIELD

CONSTANZA BEATRIZ ARRIAGADA GAJARDO
UNIVERSIDAD DE CONCEPCIÓN - CHILE

PT04 
A NEW METHOD TO SELECT WOOD SPECIES SUITABLE FOR SURFACE 

DENSIFICATION

BENEDIKT NEYSES
LULEÅ UNIVERSITY OF TECHNOLOGY - SWEDEN

PT05 
EFFECT OF SUPERCRITICAL IMPREGNATION PROCESS ON THYMOL 

RELEASE FROM PLA FILMS FOR FOOD PACKAGING APPLICATIONS

ALEJANDRA TORRES
UNIVERSITY OF SANTIAGO DE CHILE - CHILE

PT06 
ENZYMATIC GRAFTING OF PINE BARK TANNINS, A STRATEGY FOR 

THE SURFACE MODIFICATION OF LIGNOCELLULOSIC MATERIALS

DANIEL MARTÍNEZ
GRUPO BIOSUV, DEPARTAMENTO DE INGENIERÍA QUÍMICA, 
UNIVERSIDAD DE VIGO - SPAIN

SUSTAINABILITY, ECONOMICS, MANAGEMENT AND 
MARKETING

SE01 
EXERGOECONOMIC ANALYSIS OF HEAT AND POWER PRODUCTION 

FROM MUNICIPAL SOLID WASTE GASIFICATION

YANNAY CASAS LEDÓN
UNIVERSIDAD DE CONCEPCIÓN - CHILE
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PLENARY SESSION

WOOD-BASED-PANELS AND COMPOSITES – CHALLENGES AND 
PERSPECTIVES FOR THE FUTURE

Andreas Michanickl – University of Applied Sciences Rosenheim, Germany

General - State of the art
Wood based panels have been produced on an industrial scale since the end of the 19th century. 

Plywood is the first product that gained considerable importance as board material and as 
moulded parts long before polymers were invented. Fibre insulation boards and hardboards have 

been produced since the beginning of the 20th century. Particleboard followed in 1941. Waferboard 

started in 1955 followed by Oriented Strand Board (OSB). The industrial production of Medium 

Density Fibreboard (MDF) started in 1965. Since about 1980 we have seen modern Wood Plastic 

Composites (WPC) coming up in North America, later in Europe, Asia and other continents. In the 

last years we saw the first production of wood fibre mats and wood fibre boards for insulation 
and construction purposes with high thicknesses using a dry process with continuous steam 

injection technology. For a couple of years we have observed that Laminated Veneer Lumber 

(LVL) and I-beams from different types of material have become increasingly important in Europe, 

a long time after their development and production on large scale in North America. Also wood 

composite materials made from sawn timber are still showing considerable growth. In this 

context glue laminated timber, known since about 1860, and cross laminated timber, today also 

used for the construction of multistorey houses, have to be mentioned. These are only some 

examples. Besides this a wide range of wood composites and engineered wood products have 

been produced for many years for all types of applications. It can be stated that wood based 

panels and other wood composites are well established as green and sustainable products.

Challenges of the wood based panel industry
The classical existing wood based panels as Plywood, PB, MDF and OSB will be also needed and 

therefore produced in the next decades. But the challenges and the required R&D of this industry 

will be different to the past. 

First of all the high level of development needs to be considered. After decades of intensive R&D 

the production of wood based panels takes place on a very high technological level. Without 

doubt further improvements are possible. But progress will be more difficult, more costly and less 
dramatically as in the past.

Over the last decades the production capacity of wood based panel mills steadily has been 

increased in order to decrease production costs and to increase competitiveness. Production 

technology has made considerable progress. Today there are particleboard mills with production 

capacities of about 1 million cubic meters per annum, MDF and OSB mills with capacities of up 

to 750.000 cubic meters per year. With regard to energy supply most of these mills are self-

sufficient. 

All this requires extremely large amounts of raw materials. Procurement and distribution logistics 

for such mills are some of the biggest challenges. Technically bigger capacities are possible. 

Nevertheless a lack of raw material already can be observed in various countries. Some big mills 

around the globe are out of production despite having the latest production technology due to a 

lack of raw material or too high prices for its procurement. The creation of even bigger production 

sites is unlikely considering the economical and of course environmental aspects.

The focus of development today and in the future will be not more increasing production capacities 

in order to decrease costs as it has been the last decades. Of course one focus will remain the 

further optimisation of production technology in order to decrease the consumption of resources. 

Another focus will be ensuring raw material supply. The collection and utilization of waste wood 

might get increasingly important where natural resources are limited. 

But more than ever before all types of logistical aspects especially with regard to interactions with 

suppliers and customers will gain even more importance. To ensure this, modern ERP-Systems 

(Enterprise resource and planning systems) connecting all players along the value chain will 

become indispensable. These will enable the production and delivery of standard and even small 

and exceptional lots in very short times. For some factories this is already state of the art.
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Challenges of the existing products
Plywood, Particleboard, MDF, OSB and also WPCs have been produced for many decades. But 

with regard to a resource saving green economy they also have some disadvantages.

First of all it can be stated that they are only pre-products which are subject to various further 

processing steps, which need lots of electric energy and cause waste. In most cases they have to 

be packed and shipped to the place of further processing.

Furthermore the variety of forms is limited. Wood based composites mostly have panel or sheet 

form. Three-dimensional shapes are very limited and very expensive. Only small and medium 

production numbers are possible. 

Another problem could be seen in their weight. Particleboard and MDF are heavy compared to 

natural wood. Their production requires a lot of limited raw material. The weight of particleboard 

has increased over the last two decades due to the increasing utilisation of waste wood. This has 

only a poor quality compared to fresh wood and does not allow the production of particles of the 

same quality as from fresh wood. 

                
Pictures 1 and 2: Three-dimensional shapes from classical wood based composites are very limited and very expensive. Only small and medium 

production numbers are possible.

The utilisation of waste wood might be seen as advantageous with regard to raw material price 

but the more waste material is processed the more the weight of the final product is increasing 
and the more thermal and electrical energy, resin, machinery, maintenance and transport for 

procurement and distribution are needed. It also can be observed that the quality of waste wood 

is steadily decreasing along with the increasing demand and more and more material has to be 

sorted out, resulting in an increase of the before mentioned cost factors.

Challenges of the global society
Despite the green and sustainable character of wood composites, research and development 

with regard to the existing and new materials made from wood is still necessary. The world’s 

population is still growing. Consumerism is still growing. Wood is a renewable resource but its 

availability is limited. On the one hand modern forest tree breeding and forest management allow 

increasing the forest production but on the other side a decrease of arable land, an increasing 

demand of food and renewable raw materials can be observed. Wood also is increasingly used 

for the production of many other products and for the production of energy on industrial scale. 

Pellets are only one example.
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PLENARY SESSION

WOOD-BASED-PANELS AND COMPOSITES – CHALLENGES AND 
PERSPECTIVES FOR THE FUTURE

Perspectives for R&D and new products
It can be stated that new wood composite materials have to fulfil new requirements. As already 
mentioned in the future the available resource wood has to be used in a more efficient way. 
We have to make more from the same amount of material to satisfy the increasing demand 

of a growing population and to enable the utilisation of wood in new applications. This means 

to increase the utilisation efficiency mainly by developing new production processes and new 
products.

Products do not only have to be green and sustainable. For their production, further processing, 

transport, utilisation and recycling as less renewable resources should be used as possible. Also 

this has to be considered. The whole life cycle should have the lowest ecological impact possible. 

New production processes for the production of resource saving furniture also might be applicable 

for the production of other consumer goods and vice versa. The requirements for goods made 

from wood today are the same as for goods which are not yet made from wood or other renewable 

resources.

Today there are already three dimensional components made from natural fibres for the production 
of furniture and automobiles on the market. Also hybrid materials are already available. These are 

light and resource saving. Nevertheless they are still subject to further processing such as surface 

coating and mounting connection means. 

 
Picture3: Furniture structure made from natural fibre and natural binder. (Picture: BASF)

Another disadvantage of these - compared to classical wood based panels already quite advanced 

materials - can be seen in the utilisation of natural fibres from flax or hemp. These fibres have 
good strength properties but they are very expensive and their availability is limited with regard 

to industrial processes. Due to the length of these fibres also processing is challenging. 
In this context fibres from wood might be more interesting. But with regard to such new production 
processes the production of wood fibres needs to be adapted to such applications.
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Picture 4: Three dimensional, structural very thin hybrid material mainly made from natural fibres with plastic reinforcement structure presented 

by Johnson Controls.

At the University of Applied Sciences in Rosenheim research is going to produce multifunctional, 

structural off-tool parts with final surface ready to assemble by using only one single process. 

Picture 5 shows the scheme of a new pilot plant at the University of Applied Sciences in Rosenheim 

for the production of such multi-functional natural fibre based composites. The planning, design 
and production of this plant has taken place in the last two years. Now it is in the start-up phase 

and first trials are being done.

These include the utilisation of wood fibres and also non-wovens made from wood and other 
natural fibres. Of course also standard materials can be used. Parts produced with this technology 
can be used in a wide range of applications. The automobile and furniture industry are only two 

examples.

        

 

Picture 5: Scheme of the “MUNACU” (Multi-functional natural fibre based composites) trial plant at the University of Applied Sciences 
Rosenheim.
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KEYNOTES

S2

INTERFACIAL ADHESION BEHAVIORS WITHIN NATURAL FIBER 
COMPOSITES: A VIEW AT FIBER LEVEL

Warren Grigsby

Manufacturing & Bioproduct Development, Scion, New Zealand

warren.grigsby@scionresearch.com.

Overview 

The interactions between adhesives, resins and polymers with fibers at the adhesion interface 
is critical to the performance and durability of natural fiber composites. Moreover, using natural 
fibers or wood, high interfacial strain of this interface can occur during moisture-induced swelling 
of these substrates which can lead to adhesive bond failure and poor performance [1]. Bondline 

infiltration and fiber cell wall penetration are examples of macroscale behaviours of polymeric 
resin or plastic components which contribute to adhesive bond formation and reinforcement of 

fiber-adhesive interfaces (Figure 1). Fundamental insights of wood composite processing have 
resulted from the application of various microscopy techniques to visualize interfaces between 

resin and wood fiber [2]. Qualitative and quantitative information characterizing wood fiber-
adhesive interactions during panelboard manufacture has determined how adhesives and resins 

become distributed on fiber during application and contribute to bonding on panel consolidation. 
Furthermore, differences can arise between adhesive types, use of renewables and be influenced 
by temperature and moisture content when processing composite products. Adhesive or 

resin migration into fiber cell walls can also modify the properties of cell walls. Visualisation of 
interfacial behaviors within natural fiber plastic composites and laminates has revealed resin or 
polymer cell wall infiltration and interactions variously impact moisture-induced cell wall property 
changes at molecular- and macro-scale. This paper will provide some perspectives on visualizing 

fiber-adhesive interactions in different wood and natural fiber composite products and how 
observations have been used to understand interfacial behaviours between synthetic and bio-

polymers and natural fibers and may be applied to improve composite processing. 

Figure 1. Examples of fiber-adhesive interfaces within cross-sections of MDF panel sections prepared with various resins (MUF, left; PF, centre; 
and pMDI, right). Where the adhesive is green and wood fiber is red.

A	view	at	the	fiber	level	
The influence of adhesive type on fiber-adhesive interactions has been evaluated in medium 
density fiberboard (MDF) manufacture using mechanically blending [2,3]. The extent of resin 
movement into the wood cell was found to be a function of temperature and fiber moisture content 
at pressing. Both higher moisture content and temperature led to greater urea formaldehyde 

(UF) resin penetration of the fiber wall [3]. In contrast, isocyanate- (pMDI) and phenolic-based 
(PF) resins exhibit relatively lower rates of resin penetration when similarly pressed at high mat 

moisture contents (Figures 1,2).  Melamine urea formaldehyde (MUF) resin had an intermediate 

level of resin penetration. Using these findings, the impact of a high free urea content in UF resin, 
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typical of current E0 systems, was evaluated 

through using differing UF resin syntheses [3]. 

Typical E1 and E0 UF resin formulations having 

high final urea contents were found to have 
relatively greater resin penetration behaviour 

than using UF resin without a final urea charge. 
The results of this work offer opportunities for 

resin design as well as how resin chemistry 

and plasticization of wood components within 

the fiber cell wall may impact fiber-adhesive 
interfaces. Furthermore, study outcomes 

may contribute to the understanding the 

inherent differences between UF and MDI resin 

performance and usage in MDF manufacture 

where the latter is typically associated 

with lower panel resin loading for a given 

performance compared to UF resin.

Figure 2. Frequency distribution of individual measurements of resin 

penetration of MDF fiber wood cell walls for UF, MUF, MDI and PF 
resins. Panel pressing undertaken at >18% mc.

Figure 3. An XFM image of Br signal intensity of a Br-labeled PF 

adhesive-wood bondline revealing the extent of resin migration from 

the bondline and infiltration of wood cell walls. Viewed using a) linear 
scale and b) logarithmic scale. In c) the profile across the bondline and 

multiple cells is displayed. All units are in µg/cm2

.

Through synchrotron-based X-ray fluorescence 
microscopy (XFM), Br-labelled phenol-

formaldehyde (BrPF) penetration into wood cell 

walls has been mapped and quantified (Figure 3) 

for plywood bondlines [4]. Five BrPF adhesives 

with differing average molecular weights 

(MWs) were evaluated with resin mobility from 

the bondline and cell wall infiltration found 
to reduce with greater molecular weight. 

Nanoindentation of cell walls was performed 

at 0% and 78% RH to assess the effects of 

BrPF infiltration on cell wall hygromechanical 
properties. Results revealed, for the same 

resin weight uptake, lower MW BrPF adhesives 

were found to be more effective at decreasing 

moisture-induced mechanical softening of the 

wood cell wall. This greater effectiveness of 

lower MW phenolic adhesives likely resulted 

from their ability to decrease moisture sorption 

sites and mechanically restraining wood 

polymers during swelling.

Natural fiber reinforced resin and plastic 
composites can have applications in exterior 

environments where moisture sensitivity of the 

fiber component can lead to loss in composite 
performance. Through microscopy, a method 

was developed to observe the interfacial 

behaviours between the plastic matrix 

and fiber, quantify the extent of fiber and 
composite swell, and relate this to macroscale 

performance [5]. A poly(lactic acid)/wood fiber 
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composite was subjected to 100 day wet-dry cycling and microscopy images periodically acquired 

across the composite cross-section (Figure 4). Analysis revealed fiber swell was the main driver 
for composite dimensional swell and the propagation of cracks within the composite. Collapsed 

fibers were found to swell an average 9% resulting in composite swell in the dimension of the 
general alignment of this fiber collapse. It was also determined water uptake and drying led to 
irreversible, differential swell between the matrix and fiber and the creation of voids. Composite 
swelling also led to a fractured polymer matrix with cracks generally propagating from fibers. 

With increasing interest in the commercial utilisation of renewables to partially- or fully-substitute 

petrochemical components in adhesive, resin and plastic formulations it is necessary to know 

the fiber-adhesive interphase characteristics of such materials. Potential adhesive components 
such as starch, protein, tannin and lignin have been visualised on wood fibers [6]. A range of 
interfacial behaviors were observed across these bio-components which had varied mobility on 

the fiber surface and ingress into the fiber cell wall. As with synthetic systems, an implication 
of these observations is that these bio-components may similarly impart such behaviors when 

incorporated in adhesives and resins. Given its ready availability and with much work already 

undertaken integrating lignin into phenolic resins, we have been investigating the inclusion 

of lignin to design totally biobased adhesive systems [7]. Through visualizing fiber-adhesive 
interphase characteristics of this polyphenolic, the inherent attributes of lignin have been further 

developed into the bio-based adhesive system Ligate™ for use in engineered wood products 

and paperboard packaging [8]. The Ligate™ technology which does not use formaldehyde or any 

petrochemicals in its manufacture has comparable interfacial behaviours as synthetic adhesives 

(Figure 5) and been evaluated in an initial mill-scale plywood trial. 

  

Figure 4. Confocal microscopy images of a PLA/MDF fiber WPC composite. The original WPC specimen dry (left) and after 100 days of soaking 
followed by 8 weeks of drying (right).
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Figure 5. Fluorescence microscopy images of plywood bondlines with the Ligate resin without filler (left) or with an optimal filler content (right). 
Where the adhesive is red and wood fiber is green. 
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Abstract
This presentation will deliver description of traditional and innovative wood based products 

and their crucial role in the global carbon cycle and the fight against climate change. Special 
emphasize will be given to the need for efficient resource use of wood resources, including reuse 
and upgrading of waste wood. The environmentally preferred option to maintain wood materials 

in a maximum quality level by reuse in solid form, therefore extending the carbon storage duration, 

will be presented. 

The presentation will be delivering key findings of the recently published monography 
“Environmental Impacts of Traditional and Innovative Forest-based Bioproducts” [1].

Introduction
Many policy strategies and actions directly impact the forest product industry. For example, 

Europe is setting course for a resource-efficient and sustainable economy. The goal is a more 
innovative and low-emissions economy, reconciling demands for sustainable agriculture and 

fisheries, food security, and the sustainable use of renewable biological resources for industrial 
purposes, while ensuring biodiversity and environmental protection. The term being use to 

address this is bioeconomy. The bioeconomy comprises those parts of the economy that use 

renewable biological resources from land and sea – such as crops, forests, fish, animals and micro-
organisms – to produce food, materials and energy. It is an essential alternative to the dangers 

and limitations of our current fossil-based economy and can be considered as the next wave in 

our economic development. The need for efficient and effective use of renewable resources is 
directing development of new technologies and processes as well as developing of new markets 

for renewable based materials and products.

Climate change and forest products industry
Forests play a crucial role in the global carbon cycle and the fight against climate change. Forest 
biomass is currently the most important source of renewable energy. The demand for wood, and 

for wood fuel in the context of increasing renewable energy demand, is a strong stimulus for 

increasing forest growth and productivity and for improving management practices more wood 

and residues could be harvested and mobilised while demand for forest products is growing for 

material and energy uses as a way to reduce carbon emissions by substituting products that 

cause higher emissions. Wood products can contribute to climate change mitigation as they act 

as a carbon pool during their service lives, as they withdraw CO
2
 from its natural cycle, as wood 

products can substitute for more energy-intense products after their service life, as they can 

substitute for fossil fuels if they are incinerated. Since increased harvest reduces carbon sinks, 

there is the need for speeding up production rates and developing forest raw materials with new 

properties. Forests of the future will be increasingly dedicated to producing fibres, timber, energy 
or customised needs, which will have considerable impacts on the provisioning of a broad range 

of public goods. 

Wood products
Besides the solid wood products the new industrial processes that extend the size and modify the 

properties of natural wood, and the need to use manufacturing residues and lower grade trees 

to produce more versatile and more consistent products have resulted in numereus materials 

known as engineered wood products [2]. Sandberg [2] delivered an overview of engineered wood 

products and discusess the additives used to form them. Furthermore, the forest products ranges 

from established forest products (building materials, paper and wood energy), potential large 
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volume bioproducts (liquid biofuels), high value added products (biomaterials, and new chemicals, 

pharmaceuticals). It is illustrated that key challenges differ between ‘old’ bioproducts, such as 

wood where progress is connected with design development and incremental improvement of 

industrial processes – and ‘radical’ innovations of new materials and substances, which involves 

new market development [3].

Reuse and upgrading of waste wood
Efficient resource use is the core concept of cascading (Figure 1), which is a sequential use of a 
certain resource for different purposes [4]. This means that the same unit of a resource is used 

for multiple high-grade material applications (and therefore sequestering carbon for a greater 

duration) followed by a final use for energy generation and returning the stored carbon to the 
atmosphere. Intelligent concepts for reuse and recycling of valuable materials at the end of single 

product life will reduce the amount of waste to be landfilled. According to some resent projects 
there is great potential to expand wood recovery for uses beyond energy and particleboard 

production. Many solutions have been proposed to simplify and automate contaminant detection 

and then sorting and cleaning of the contaminated materials.

 
Figure 1: Concept of cascade use of wood.

Conclusion
The forest products can be use for a larger number of application. The demand for more 

environmentally sustainable products and energy is making the wood resources an important 

part of the bioeconomy. The demand for renewable-sourced materials will drive innovation in 

the forest-based sector, which will support more jobs and strengthen the economy. The forest-

based sector offers many opportunities for new products, processes and systems that only well 

supported and executed research can identify and create value from.
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ABSTRACT
Polylactic acid (PLA)-, polystyrene (PS)-, and polyethylene (PE)-based blends were prepared with 

Pinus radiata modified/unmodified bark polyflavonoids. Esterification with maleic anhydride (20 
ºC, 24h) of such polyphenol was performed in order to diversify functionalities in view of envisaged 

applications. Rheological, morphological, thermal, and mechanical properties of the blends were 

studied. Polyphenols affect the processability parameters in a high extent. Polymer-matrix type 

affects dramatically the granule morphology, and the dimentional features of the polyflavonoid 
particles. On the other hand, polyphenol-composition affects the blends thermal behavior 

significantly. The decreasing of decomposition temperature (Td) in function of the polyphenol-

content was remarkable on PLA-based blends. The mechanical properties were significantly 
affected by the polyflavonids-content. Polyphenols increased the elasticity modulus (E) in PS-, 
and PLA-based blends as described in previous works. However, polyflavonoids degrade the 
E-values on PE-based blends in a high extent. Bark modified polyflavonoids from radiata pine 
might be used successfully for the designing of functional thermoplastic composites. 

Introduction
Polyphenols are secondary metabolites of great relevance in nature. Among other members of 

the polyphenols group, polyflavonoids and lignin are highly abundant in vascular plants [1]. The 
utilization of polyphenos in materials engineering has been limited by physicochemical properties 

(e.g. low miscibility in thermoplastics, limited solubility in organic solvents, and lack of functional 

groups prone co-polymerization).

In view of tailoring properties, as well as for improving miscibility with thermoplastics chemical 

modification of certain polyphenols has been reported.  In fact, esterification of polyflavonoids 
with five-member cyclic anhydrides provides several advantages for material design: (1) non 
side-chain products are obtained during the derivatization reaction, (2) cyclic anhydrides are 

more reactive than linear-chain counterparts which enable derivatization reactions at room 

temperature, (3) unsaturated carboxylic chain from the polyphenol derivatives is a desirable 

functionality for several kinds of polymerization pathways (e.g. radical, ionic, and coordination), 

(4) α-β unsaturated polycarboxylic acid derivatives are considered biologically active compounds 

against a wide range of bacteria and fungi, and (5) the unsaturated polycarboxylic moieties might 

improve the miscibility between polyphenols and selected thermoplastics.

This work reports the preparation and characterization of several blends based on commercial 

thermoplastics (PLA, PS, and PE), and polyflavonoids. Rheological, morphological, molecular, 
thermal, and mechanical analyses were performed. The effect of the chemical modification of 
polyphenols (esterification with maleic anhydride) was evaluated. The new thermoplastic-based 
materials are expected to play an important role beyond the traditional PLA-, PS-, and PE-uses.

Experimental
Materials 

Poly-lactic acid (PLA): partially crystalline PLA (Polylactic acid) IngeoTM Biopolymer 3251 grade 

supplied by NatureWorks® Co. LLC, USA.

Polystyrene (PS). Styron 484 supplied by DowTM Chemical Co., Europe GmbH (Switzerland).

Polyethylene (LDPE). Low density polyethylene supplied by HANWHA (South Korea).
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Polyflavonoids (T). Non-water soluble radiata pine bark polyflavonoids (PRI) pilot-plant feedstock 
extracted with methanol/water solution (1:20, w/v) at 120 ºC was used [1]. 

Methods
Modified polyphenols with maleic anhydride. Esterification of polyphenols with maleic anhydride 
was described elsewhere [3]. 

Blends formulation. Blends based on PE, PLA, and PS were prepared at 110, 170, and 240 °C, 

respectively. The time of mixing (t
mix)

 in the rheometer was 15 minutes.

Table 1. Composition of thermoplastic-based blends prepared on the rheometer.

Blend-type Composition (wt. %) Blend-code

TP T TM

TP-T 99.0 1.0 - (PLA
99

/TI
1
) (PS

99
/TI

1
) (PE

99
/TI

1
)

97.5 2.5 - (PLA
98

/TI
2
) (PS

98
/TI

2
) (PE

98
/TI

2
)

95.0 5.0 - (PLA
95

/TI
5
) (PS

95
/TI

5
) (PE

95
/TI

5
)

TP-TM 99.0 - 1.0 (PLA
99

/TM
1
) (PS

99
/TM

1
) (PE

99
/TM

1
)

97.5 - 2.5 (PLA
98

/TM
2
) (PS

98
/TM

2
) (PE

98
/TIM

2
)

95.0 - 5.0 (PLA
95

/TM
5
) (PS

95
/TM

5
) (PE

95
/TM

5
)

   

TP: thermoplastic (PLA: poly-lactic acid, PS: polystyrene, PE: polyethylene), T: unmodified radiada pine polyflavonoid (tannin), TM: modified 
radiata pine polyflavonoid (degree of substitution: 3).

Preparation of the blends. In a specific order components were added in a rheometer. PLA and 
polyflavonoids were mixtured for 2 min in a mixer and loaded into the chamber (time mixing, t

mix
: 

0). 

Cold-blend processing. Blends were ground in an electric mill (IKA, Basic MF10) and 30 g 

compression molded on a LabTech LP20-B press (T: 175 °C, t: 5 min, p: 32 bar). 

Rheology (torque rheometer). Measurements were carried out in a torque rheometer (Brabender 

50 EHT, Germany) with roller blades. The rotor speed was 50 rpm, and the free volume of the 

chamber was 20% of the total volume.

Particle size distribution. Morphology of the blends was assessed by confocal fluorescence 
microscopy as previously described [3].

Thermal stability (TGA). Thermogravimetric analysis was performed on a NETZSCH TGA instrument 

(TG 209 F3 Tarsus, Germany). 

Mechanical testing. Selected laminate samples were cut with a die (gage length 60 mm, width 1.5 

±0.2mm) and kept in a chamber oven overnight, and the Young’s modulus (E) were determined. 

Universal tensile testing machine (SmarTens 005, KARG Industrietechnik, Germany).

Results and Discussion
Rheology (processability features). Modified (TM), and unmodified polyflavonoids (T) reduced 
the torque values during the mixing regardless the thermoplastic-type (Table 2). The dramatic 

influence of polyflavonoids on rheological behavior is expected considering that such oligomers 
are highly polar compounds in comparison to the studied thermoplastic polymers (PE, PS, PLA). 

It is worth to notice that chemical modification decreased significantly the torque value regardless 
the polyphenol-, and the polymer-type. The result can be interpreted based on the fact that 

esterification with maleic anhydrides yields highly polar unsaturated carboxylic acid moieties 
hindering chain-chain interaction between the polyphenol derivatives, and the polymers.
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Table 2. Maximal torque-value associated to the thermoplastic-

melting for polyphenol-based blends (tmix: 15 min).

Loading
(wt. %)

Polyphenol

T TM

PE (100) 45 ±7

1.0 45 ±3 40 ±5

2.5 42 ±4 36 ±3

5.0 21 ±5 12 ±2

PS (100) 100 ±11

1.0 36 ± 4 34 ±4

2.5 31 ±9 38 ±2

5.0 20 ±6 31 ±4

PLA (100) 40 ±6

1.0 37 ±5 33 ±6

2.5 34 ±6 32 ±4

5.0 30 ±3 29 ±2

T: polyflavonoid (tannin), TM: modified polyflavonoid. N= 3
PLA: poly-lactic acid, PS: polystyrene, PE: polyethylene

The differences in torque-values can be also 

explained considering that the viscoelastic 

properties of polyflavonoids dramatically 
change during the esterification with 
anhydrides [3].

Polyphenol-type affects dramatically the 

rheological behavior mainly in PS-based blends. 

Apparently a drastic reduction of the viscosity 

in function of the polyflavonoid-loading is 
suggested. 

Particle size distribution.

Confocal fluorescence microscopy enabling 
polyphenols quantification in a wide range of 
experimental conditions. In fact, morphological 

and structural pattern of polyphenolic 

macromolecules might be assessed this way.  

The technique acquires special relevance 

for polyphenol-based materials due that the 

morphological characterization of phenolic 

particles distributed on the plastic-matrix is 

hardly assessed [3]. 

Considering that polyflavonoid-based blends 
are colored composites, the evaluation of 

fluorescence emission pattern was performed 
based on the fact that PE, PS, and PLA 

are not active-fluorescent polymers. Such 
advantageous features was taken in advance in 

order to study the morphology of polyflavonoid-
particles dispersed on thermoplastics.

Maximal intensity projection of selected blends 

is shown (Figure 1).

 

 
Figure 1. Maximum intensity projection of selected thermoplastic-

based blends (tmix: 15 min). Note: imagen of the corresponding 

TP98/P2 blend is shown. T: polyflavonoid (tannin), TM:  modified 
polyflavonoid, PE: polyethylene, PS: polystyrene, PLA: polylactic acid

It is worth to notice that a wide range of 

particle shapes were observed in function of 

the polyphenol-, and the thermoplastic-type. 

Modified polyflavonoid particles show a certain 
agglomeration on the PE-matrix. The results 

can be explained considering the dramatic 

differences on polarity between polyphenols 

and PE. However, polyphenols dissolved on 

PS-, and PLA-polymers show an apparent good 

dispersion features regardless the polyphenols-

type.

The result suggests that a longer period of 

mixing (tmix: >15 min) might be required in order 

to establish better dispersion of polyflavonoids 
particles on the PE-matrix.

Thermal stability. TGA analysis (DTG) reveals 

a significant effect of the polyphenol-, and 
thermoplastic-type on the thermal behavior 

(Figure 2).

PE-T PE-TM

PS-T PS-TM

PLA-T PLA-TM
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Decomposition temperature (Td) oscillated 

between 340 and 500 ºC, and was strongly 

associated to the thermoplastic-type. Blends 

prepared with PE show the highest thermal 

stability between 450-500 ºC.  Regardless the 

polyphenols-type, and blend-composition 

PLA-derived blends show the lowest thermal 

resistance. 

The low thermal resistance of modified 
polyphenols-based blends is also expected. 

The α-β unsaturated carboxylic moiety in 

derivatives enable early thermal decomposition 

as consequence of decarboxylation (Td: 170-

180 °C), as well as the esther-cleavage at low 

temperatures [3].

In general, the results establish that chemical modification of polyphenol remarkably affects the 
thermal resistance of high polarity blends, regardless the miscibility trends.

Mechanical testing. Effect of the polyphenol-type on the elasticity modulus was investigated. 

E-values of thermoplastic-based blends seems to be highly dependent of composition (Table 3). 

An increased amount of polyphenols additives affect the elasticity modulus in a different manner 

for every kind of thermoplastic. T-, and TM degrades the E-modulus in a high extent, excepting 

for PLA-based blend. 

Table 3. Elasticity modulus (E) of thermoplastic-based blends prepared with polyphenols (t
mix

: 15 min).

Loading 

(wt. %)

Polyphenol

T TM T TM T TM

(PE) 230 ±56 (PS) 1850 ±176 2750 ±337

1.0 231 ±39 1605 ± 234 1605 ± 234 1550 ±178 2200 ±286 2650 ±198

2.5 220 ±32 1650 ±219 1650 ±219 1380 ±211 2350 ±298 2870 ±217

5.0 200 ±18 1690 ±197 1690 ±197 1710 ±163 2400 ±271 2790 ±218

T: polyflavonoid (tannin), TM:  modified polyflavonoid, PE: polyethylene, PS: polystyrene, PLA: polylactic acid.

From the practical point of view modified-, and unmodified-polyflavonoid building-blocks 
(loading: 1-5 wt.%) are highly recommended for the designing of PLA-, and PS-based composites. 

Polyflavonoids, show poor performance as functional additives in term of flexural features on 
PE-based blends. The behavior can be explained considering the high content of polar functional 

groups on such building-blocks [2,3]. In addition, the results point out that TM seems to be highly 

desirable additives for PLA-based materials design. The suggestion is done because esterified 
derivatives exhibit apparently better miscibility on the COOH-containing polymer (PLA).

Figure 2. DTG (first derivate from the TGA-trace) of selected blends. 
N=3 T: polyflavonoid (tannin), TM:  modified polyflavonoid, PE: 

polyethylene, PS: polystyrene, PLA: polylactic acid. 
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Conclusions
Polyethylene-, polystyrene-, and poly(lactic) acid-based blends were successfully prepared with 

P. radiata polyflavonoids building-blocks (1-5 wt.%). 

Modification of radiata pine polyphenols is a viable strategy in order to improve the performance 
on polystyrene-, and poly(lactic) acid based-blends as consequence of a better processability 

features. However, polyflavonoid derivatives strongly affected the PE-based composites 
performance.

Chemical structure of the polyphenol’s grafting influences: (1) the processability during the melt-
blending, (2) the miscibility of the components, (3) the thermal resistance, and (4) the flexural 
performance.

The image-processing data based on confocal fluorescence microscopy was successfully utilized 
in order to estimate the polyphenol particles morphology, and in consequence enabling miscibility 

predictions between polyphenolic additives, and thermoplastics. The processability parameter 

in term of torque-value and time of mixing seems to be affected by the functional group 

composition at the molten state. The modified polyphenols showed higher compatibility features 
as consequence of a dramatic reduction of particle volume on PS-, and PLA-based blends. Despite 

that polyphenolic additives affected the decomposition temperature (ΔTd: <15ºC) regardless the 
polyphenol-content, polyflavonoids can be used as functional additives for selected applications. 
Modified polyphenols via esterification with maleic anhydride might be preferably used on PS-, 
and PLA-based blends. The interaction between target functional groups from the additives, and 

the thermoplastic-matrix dictates the behavior of the blends.
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Abstract 
Over the past decade, there has been an increasing interest in utilization of bio-based feedstocks 

for “green” materials, chemicals and alternative energy. This has been driven primarily by a growing 

focus on sustainable practices and reduced environmental impact by public, government and 

industry stakeholders. The province of Alberta offers significant potential to be a leader in the bio-
based economy due to its existing energy/petrochemical infrastructure, and strong agriculture 

and forestry sectors. This presentation provides an update of various research efforts taking place 

in the province, and highlights major initiatives in bio-based materials.  

In the first part of the presentation, an overview is provided of Alberta’s resource landscape 
from both a forestry and agriculture prespective, and its potential in advancing the bio-based 

economy. A brief summary of current R&D activities from a variety of research teams in the 

province is provided including the development and application of nano-crystalline cellulose 

(NCC), thermosetting bio-composites and engineered wood panels, lignin utilization, and novel 

bio-polymers. In the second part of the presentation, a number of studies by the author and co-

workers on the properties of bio-fibre based thermoplastic composites are highlighted. These 
studies focus on the mechanical behaviour and durability of various thermoplastic polymers 

(including polyethylene, polylactic acid and starch blends) reinforced with a variety of bio-based 

fibres derived from both forest and agricultural feedstocks (including wood pulp, industrial hemp 
and other locally grown natural fibre options) [1-4]. 

In general, fiber type and fiber fraction were both shown to affect the mechanical properties 
and durability of thermoplastic composites exposed to various environments including water 

immersion, soil burial and UV exposure [1,2].  In terms of monotonic properties, increasing fiber 
content typically resulted in composites with increased elastic modulus but reduced elongation 

and impact strength. Tensile strength was shown to vary depending on fiber type and fraction. 
Similarly for moisture absorption tests, increasing fiber fraction resulted in an overall increase 
in total water uptake of the samples, regardless of fiber type. The majority of the natural fiber 
composites took at least 12 months to reach equilibrium moisture content (saturation). Degree of 

mechanical degradation was seen to depend on a number of factors including fibre type, polymer 
type and exposure environment (water immersion, soil burial and UV exposure). Generally, there 

was a noticeable decrease in mechanical properties over time with environmental exposure for 

all natural fibre composites studied. Of the fiber types tested, composites made from chemically 
pulped wood had both the best short-term mechanical properties and long-term durability 

compared to other natural fiber types tested. Based on microstructural examination, this increased 
performance was attributed to the wood pulp’s finer fiber structure and uniformity which allows 
for better dispersion, and less moisture or biological attack. 

Another area of study focussed on the behaviour of bio-fibre composites under fatigue loading. 
Fatigue is an important consideration in many design applications where cyclic or reversed 

loading occurs (e.g. automotive, consumer goods, etc.). For natural fiber composites, there has 
been a great deal of work on static (monotonic) mechanical properties, but very limited studies 

related to fatigue. In the author’s work [3], the fatigue properties of hemp reinforced high density 

polyethylene (HDPE) composites were investigated experimentally, and a new model was 

developed to predict the fatigue-life response of these materials. Overall, the addition of hemp 
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fibers slightly improved the fatigue strength of the polymer matrix, however, adding hemp fibers 
did not change the sensitivity (slope) of the developed fatigue life curves. The observed fatigue 

failures varied from a ductile-brittle mode for the unreinforced HDPE, to a brittle type of failure 

for the reinforced composites. The fatigue strength after water absorption was also found to be 

lower than the fatigue strength of both the unreinforced matrix polymer and the dry hemp-HDPE 

composites. This was attributed to the hydrophilic nature of the natural fibers which resulted in a 
reduction of fiber and interfacial strength in the composite.

Finally, the effect of different pulping methods (mechanical and chemical pulping) on the properties 

of pulped fibre thermoplastics was assessed for a variety of fibre feedstocks (both wood and non-
wood) [4]. Overall, the addition of pulped fibre to high density polyethylene (HDPE) improved both 
the tensile strength and modulus (stiffness) of the polymer. When “specific” mechanical properties 
were considered (which accounts for the density of the material options), pulped hardwood and 

flax composites appeared to be viable alternatives to E-glass composites. This is due to the fact 
that the density of natural fibres is approximately 40-50% less than glass. As a result, natural fibres 
are excellent candidates for replacing glass-fibre in applications where lightweight is required (e.g. 
transportation). In addition to the technical evaluation, a preliminary economic evaluation was 

performed to assess the cost-performance of each fibre and pulping method. Overall, thermo-
mechanically pulped (TMP) hardwood had the best composite performance per cost (in terms 

of specific strength and specific modulus) relative to all other material options tested including 
glass-fibre composites (the existing industry standard). In addition to its cost-performance, 
hardwood pulp is also readily available at commercial scale which is a significant advantage over 
agricultural based fibre feedstocks. This analysis provides manufacturers with preliminary data to 
select natural fibre composites that will maximize part performance at the lowest cost.

References

[1] Robertson N, Nychka J, Alemaskin K, Wolodko J. (2013). Mechanical Performance and Moisture Absorption 

of Various Natural Fiber Reinforced Thermoplastic Composites. Journal of Applied Polymer Science. v.130, n.2, 

pp.969-980.

[2] Robertson N, Nychka J, Wolodko J. (2014). Environmental Degradation of Various Bio-Based Thermoplastic 

Polymers and Composites, 13th International Symposium on Bioplastics, Biocomposites & Biorefining, May 
2014, Guelph, Ontario, Canada (presentation).

[3] Fotouh A, Wolodko J, Lipsett M. (2014). Fatigue of Natural Fiber Thermoplastic Composites. Composites 

Part B: Engineering. v.62, pp.175-182.

[4] Wolodko J, Alemaskin K, Perras T. (2015). An Evaluation of Pulped Natural Fibres in Thermoplastic 

Composites. Proceedings of the Canadian International Conference on Composite Materials (CANCOM 2015), 

August 2015, Edmonton, Canada (8 pages)



30

KEYNOTES

S7

ECO-FRIENDLY METHODOLOGY FOR THE SYNTHESIS OF GRAPHENE-
BASED CATALYTIC MEMBRANE REACTORS

Juan Matos1,*, Antonio G. Souza-Filho2, Eduardo Barros2, José A. Rodríguez3, 

María C. Fernández de Córdoba4, Conchi O. Ania4

1Biomaterials Department, Technological Development Unit, University of Concepción, Chile. 
2Department of Physics, Federal University of Ceará, Fortaleza-CE, 60455-900, Brazil.
3Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973, USA.
4ADPOR Group, Instituto Nacional del Carbon (INCAR, CSIC), Oviedo (Spain)

*corresponding author email: jmatoslale@gmail.com; j.matos@udt.cl

INTRODUCTION
Carbon-based structures characterized by a polygonal cell distribution are commonly named 

random networks [1,2]. On the other hand, well defined, molecular and therefore nanometric 
networks such as fullerenes [3], nanotubes [4] and graphene [5] have been some of the most 

remarkable discoveries in the area of carbon research in recent years. Another ill-defined type 
of randomly carbon network is that corresponding to the microporous structure of activated 

carbons (AC). So, three carbonaceous network structures can be considered according to the 

dimension: the molecular (fullerenes, nanotubes, graphene), the micro (microporous carbon), 

and the macro (macroporous carbon). Although in the case of carbon materials, synthetic routes 

for both molecular-networks and micro-networks have been extensively investigated [3,6], few 

studies exist regarding the synthesis and characterization of random networks of carbon [7-11]. 

This work presents the synthesis and characterization of 2D and 3D polygonal random networks 

of carbon (RNC) from the controlled pyrolysis of saccharose in absence or presence of KOH.

METHODOLOGY
The synthesis, the topological definition, the activation and characterization of RNC have been 
reported in previous works [7-10]. In a typical synthesis 2 g of D(+)-saccharose was placed inside 

a 50 mL Pyrex beaker and dissolved in 1 mL of water or in 1 mL of aqueous solution (34 wt%) KOH 

and stirred at 80ºC until a viscous and light brown solution was observed. The solution is left in 

rest until achieving the recrystallization of the saccharide. Then, the sample was submitted to 

two consecutive heat treatments. First, at low temperature inside a vacuum oven at 130ºC, for 

10 min. The second one in a ceramic muffle under N
2
 flow at 450ºC. The carbonaceous macro-

networks were denoted as A
NW-1

 and A
NW-2

, for the saccharose dissolved in water or in KOH solution, 

respectively. Different temperatures and times under N
2
 or CO

2
 flow were used for the activation 

of porous framework [9]. Characterization of A
NW-1

 and A
NW-2

 was performed by N
2
 adsorption-

desorption isotherms, XRD, XPS, RAMAN, FTIR, EPR, SQUID, NEXAFS and XANES.

RESULTS AND DISCUSSION
Fig. 1 shows the optical images of the bi-dimensional (2D) macroscopic RNC obtained in presence 

of KOH (A
NW-2

). The topological properties of the 2D-RNC are significantly different from other 2D 
cell structures [7,8]. The polygonal distributions of the macro-networks from the A

NW-1 
(Saccharose 

+ H
2
O) and A

NW-2
 (Saccharose + KOH) showed the pentagon was found to be the most abundant 

polygon in the 2D RNW. In previous works [8,9] we showed the activation of the present RNC can 

be easily achieved by physical activation under CO
2
 flow or by pyrolysis under N

2
 flow, with BET 

surface areas up to 850 and 981 m2.g-1 [9].
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Fig. 1. Images of the 2D carbonaceous macro-network film from the A
NW-2

 sample adhering to the pyrex beaker. (Left): Typical random pattern 

showing the predominance of five-sided cells. (Right): A subsection showing the presence of “T ” type vertices with internal angle θ = 180º.

Fig. 2. Image of bulk carbonaceous macro-network from the A
NW-2

 sample. (Left): 3D random structure of a subsection of the sponge. (Right): 

Subsection showing macrocoil shapes (mcs).

In addition, a similar randomly structure to that in the films was found in the three-dimensional 
(3D) random network of carbons in the shape of irregular sponge balls were obtained as shown the 

Fig. 2. An assembly of carbonaceous grains with different sizes composed the sponges where the 

carbon grains developed into a continuous of 3D-RNC in the form of tubes with coiled shapes. The 

formation of coils was attributed to the diffusion of K
2
O nanoparticles within the carbonaceous 

matrix. It can be seen from Fig. 3 (left) that filaments interconnect the structure in the 3D-RNC. 
An interesting resemblance with exfoliated graphite or graphene oxide can be seen from the SEM 

image in Fig. 3 (right) for the A
NW-2

. 
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Fig 3. SEM images of ramdom networks of carbon (RNC). (Left): A
NW-1

. (Right): A
NW-2

.

The XRD pattern from Fig. 4 (left) shows graphite is the main crystalline phase in the RNC. 

However, RAMAN spectra in Fig. 4 (center) shows interesting shifts to lower frequency when RNC 

is prepared in presence of potassium. It can be seen that D-band and G-bands for A
NW-2

 were 

shifted down to 1361 and 1582 cm-1, respectively. The G peak at 1582 cm-1 fits very well with that 
reported for graphene [12] where G peak is due to the doubly generated zone center E

2g
 mode [13]. 

So, the present work reports by the first time an easy and eco-friendly alternative methodology 
to prepare graphene-based materials from the controlled pyrolysis of saccharose in presence of 

KOH instead of KMnO
4
 commonly used by the Hummer method [14].

     

Fig. 4. (Left): XRD patterns. (Center): RAMAN spectra. (Right): C K-edge NEXAFS, for A
NW-1

 and A
NW-2

 samples.

The graphene-based structure in A
NW-2

 sample proposed above has been confirmed by the C 
K-edge near NEXAFS spectra in Fig. 4 (right). This spectrum showed important differences with 

respect to high-ordered pyrolytic graphite and with A
NW-1

. It can be seen that A
NW-2

 samples showed 

an additional peak about 291.2 eV theoretical predicted [15] and ascribed to the lowest-energy 
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C 1s →s* excitation. It is remarkable to note the appearance of additional resonances between 

297.8 and 300.6 eV in the shape of a very symmetric and double peak with 2.8 eV in difference. 

These peaks can ascribed to a Stone-Wales structural defect [15,16]. This defect is created by 

rotating two carbons by 90 degrees, with a formation energy of about 5 eV [16]. The consequence 

of this rotation is the appearance of two five-rings and two seven-rings in agreement with the 
polygonal cell distribution in this sample, which showed an important contribution of pentagons 

and heptagons to the network of carbon [7-11].

Additional characterization by XPS showed important differences with respect to graphite. 

Finally, EPR and SQUID analysis suggested RNC develop para/diamagnetic behavior that strongly 
depend of synthesis and activation conditions [10].

CONCLUSIONS
The controlled pyrolysis of saccharose is a single method to obtain simultaneously graphene-

based 2D films and 3D sponge balls. These materials can be included within the random networks 
of carbon (RNC). RAMAN and NEXAFS confirmed the presence of graphene structure, and the 
presence of structural defects was attributed to the pentagon as the most abundant polygon in 

the films.
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Abstract
Acetylation of wood is done by reacting a softwood or hardwood with acetic anhydride at an 

elevated temperature. It is usually done without a catalyst and the reaction is carried out under 

nitrogen at or near the refluxing temperature of the anhydride. In many cases, the limiting factor in 
the reaction is the rate of penetration of the anhydride into the wood, especially in thick limber.  By 

product acetic acid is removed under vacuum, recovered and sent back to the anhydride supplier 

for conversion back to acetic anhydride using the ketene process. The acetylated wood has very 

high dimensional stability, high decay resistance and good resistance to ultraviolet radiation with 

little change in thermal properties. Dry strength and stiffness of acetylated wood is about the 

same as controls but wet strength and stiffness are much higher in acetylated wood as compared 

to non-acetylated wood.

Introduction
The acetylation of wood was first performed in 1928 in Germany by Fuchs [1], using acetic anhydride 
and sulfuric acid as a catalyst. Fuchs found an acetyl weight gain of over 40%, which meant that he 

decrystalized the cellulose in the process. He used the reaction to isolate lignin from pine wood. In 

the same year, Horn acetylated beech wood to remove hemicelluloses in a similar lignin isolation 

procedure [2]. Tarkow first demonstrated that acetylated balsa was resistant to decay in 1945 [3]. 
Tarkow was also the first to describe the use of wood acetylation to stabilize wood from swelling 
in water in 1946 [4].  

While laboratory acetylation of wood has been practiced for nearly a century, the commercialization 

of acetylated wood has been met with several challenges. The first patent was granted in 1930 
in Austria on acetylated wood.  Koppers Company may have made the first earnest, albeit short-
lived, attempt at entry into the acetylated wood market in the 1960’s.  They used a process of first 
solvent drying wood in a reactor followed by reaction with acetic anhydride in the same reactor. 

This was followed by efforts in Russia and Japan (Diaken) in the 1970’s and 1980’s.  In the late 1980’s 

and early 1990’s, ACell, in Sweden, were granted many patents and built two pilot plants: One 

for solid wood using microwave technology and one for acetylating fibers. Accsys Technologies, 
which had acquired technologies developed earlier at Stichting Hout Research (the Netherlands) 

and Scion (New Zealand), launched trial quantities of Accoya®, an acetylated pinus radiata, into 

the market and began full commercial scale production in Arnhem, the Netherlands in 2007.  

This was followed in 2012 with Eastman Chemical Company introducing Perennial Wood™ using 

acetylated southern pine produced at its pilot facility in Kingsport, Tennessee.  In 2014, Eastman 

stopped the production of Perennial Wood™ [5].

Acetylation Chemistry
All woods contain acetyl groups: softwoods, 0.5 – 1.7% and hardwoods, 2 – 4.5%.  Adding acetyl 

groups in the cell wall results in major changes to the properties and performance of the acetylated 

wood.  

Acetylation is a single-addition reaction, which means that one acetyl group is on one hydroxyl 

group with no polymerization (Figure 1). Thus, all the weight gain in acetyl can be directly converted 

into units of hydroxyl groups blocked.  

WOOD-OH + CH
3
C(=O)-O-C(=O)-CH

3
     WOOD-O-C(=O)-CH

3
  + CH

3
C(=O)-OH

                      Acetic anhydride                 Acetylated wood           Acetic acid             
    

Figure 1: Reaction of acetic anhydride with wood.

Isolated lignin reacts faster with acetic anhydride as compared to hemicelluloses and holocellulose 

[6] [7] Kumar and Agawal reported that at an acetyl weight percent gain of 13.5, 86.4 % of the lignin 
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was acetylated, 21.6 % of the hemicelluloses and 9.3% of the cellulose [6]. Reacting wood at 120 

°C with acetic anhydride and no catalyst, at an acetyl weight gain of 16 to 19%, theoretically about 

90% of the lignin is esterified, and 25% of the holocellulose [8]. It is assumed that 100% of the 
hemicellulose hydroxyl groups are substituted and no cellulose hydroxyl substituted. There may 

be a small amount of hydroxyls esterified on the surface hydroxyls in the amorphous regions of 
cellulose.  

Properties of acetylated wood
Moisture and dimensional stability

Table 1 shows the change in volume in wood from green to dry to acetylated.  The elastic limit 

Table 1: Change in volume in wood from green to dry to acetylated. 

Green vol

cm3

OD Vol

cm3

Change

%

Ac WPG OD Vol

cm3

Change

%

38.84 34.90 -10.1 22.8 38.84 +10.1

          

of cell wall is not exceeded and the bulked acetylated wood is back to the wood’s original green 

volume. From green volume to dry results in about a 10% loss in wood volume and the acetylation 

brings the wood volume back to that of the original green wood. The bulking of the cell wall back 

to near its green volume is the mechanism of dimensional stability. Since the water molecule is 

smaller than the acetyl group, water is able to access some hydroxyl groups in the acetylated 

wood.

The equilibrium moisture content (EMC) is reduced as the level of acetyl weight gain increases. 

Table 2 shows the reduction in EMC as a function of acetyl weight gain.

Table 2: Equilibrium moisture content of acetylated pine.

Weight Percent Gain EMC at 27C°

30% RH 65% RH 90% RH

0 5.8 12.0 21.7

6.0 4.1 9.2 17.5

10.4 3.3 7.5 14.4

14.8 2.8 6.0 11.6

18.4 2.3 5.0 9.2

20.4 2.4 4.3 8.4

                 

Table 3 shows the dimensional stability of both control and acetylated solid pine and fibreboard 
made from acetylated fiber.

Table 3: Dimensional stability of acetylated wood (solid wood, 21.6 WPG, fiber 22.7 WPG, 24 hour water soak)

EMC S ASE

Solid Pine Control 21.7 13.8 ----

Acetylated             8.4 4.2 69.3

Pine Fiberboard (5% 

phenolic resin) Control

20.2 21.3 ----

Acetylated  3.4 2.1 90.1

S = Swelling coefficient, ASE = Antishrink efficiency
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Decay resistance
As the level of bonded acetyl increases, resistance to decay increases to both brown- and white-rot 

fungi (Table 4).  There is a significant decrease in fungal attack at an acetyl level of approximately 
10% which means that many of the hydroxyl groups that are required for a fungus to recognize 

wood as a food source have been modified.  As the acetyl level reaches 15%, the attack by white-
rot fungi has stopped and very little attack occurs with brown-rot fungi. At an acetyl level of about 

18%, there is no attack by either brown-or white-rot fungi.

Table 4: Resistance of Acetylated Pine to Decay Fungi in ASTM D-2017-71 Soil Block Test 

(Brown-rot = G. trabeum  White-rot = T. versicolor, ASTM D 1413, American Society for Testing and Materials.  ASTM Standard method of testing 
wood preservatives by laboratory soil-block cultures (1976).)

Acetyl Weight Gain (%) Weight Loss After 12 Weeks

Brown-rot Fungus (%) White-rot Fungus (%)

0 61.3 7.8

6.0 34.6 4.2

10.4 6.7 2.6

14.8 3.4 <2

17.8 <2 <2
          

Figure 2 shows the control sample (A) before the 12 week soil bottle test using a brown-rot fungi 

(see Table 4). After 12 weeks, the control sample is covered with fungal mycelium (B) and the 

cell wall was distroyed (C). After the same length of time, in the same experiment, the sample 

acetyylated to 19 WPG showed no weight loss but there was evidence of mycelium growth 

(D). This shows that the acetyated wood was not toxic to the fungus, the fungus just could not 

recognize it as a food source.

         

        A                      B           C            D

Figure 2: Control pine before (top, left) and after 12 week soil block test with brown-rot fungi top right and bottom).

The key to fungal resistance can be seen in Table 5. Control and particleboards made from 

different levels of increasing acetyl content were placed in a fungal cellar in Uppsala, Sweden [9].  

The samples were evaluated at different times, up to 36 months, to determine the level of attack 

and to measure sample thickness. The first sample check was done at 2 months and already the 
control had swollen and there was a moderate fungal attack. At the same inspection time, the 

acetylated sample at 7.3 weight percent gain (WPG) was swollen but there was no evidence of 

fungal attack. By 6 months, the control samples were badly swollen and destroyed as a result of 

fungal attack.

At 3 months, the acetylated sample at 7.3% showed the first signs of fungal attack and was still 
swollen.  This sample continued to be attacked and was destroyed at 12 months.  At 4 months, the 

sample at 11.5% was swollen but no fungal attack was noted.  After one more month, this sample 

showed the first signs of fungal attack. This trend, of a sample first showing swelling before any 
fungal attack, leads to the conclusion that swelling must take place before any fungal attack takes 
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place. This shows the importance of cell wall moisture being required before fungal attack can 

take place.

Table 5: Fungal cellar tests of aspen flakeboards made from control and acetylated flakes.

WPG     Rating at Intervals (months)  

0 2 3 4 5 6 12 24 36

7.3 S/2 S/3 S/3 S/3 S/4 -- -- --

11.5 S/0 S/1 S/1 S/2 S/3 S/3 S/4 --

13.6 0 0 0 0 S/0 S/1 S/2 S/4

16.3 0 0 0 0 0 0 0 0

17.9 0 0 0 0 0 0 0 0

Nonsterile soil containing brown-, white-, and soft-rot fungi and tunneling bacteria. 2Flakeboards bonded with 5 percent phenol-formaldehyde 

adhesive. Rating system: 0 = no attack; 1 = slight attack; 2 = moderate attack; 3 = heavy attack; 4 = destroyed; S = swollen. 

Table 6 shows the results of acetylated wood after 300 days in three different types of soil.  The 

compost soil has mainly brown-rot fungi, the sandy soil has mainly soft-rot fungi, and the forest 

soil has mainly white-rot and soft-rot fungi.

Table 6: Results of in-ground tests on control and acetylated pine.

Sample Weight Loss in:

Compost Sandy Soil Forest Soil

Control 74±9 50±16 27±24

Acetylated 1±0 1±0 0

Strength and stiffness
Table 7 shows the strength and stiffness properties of control and acetylated pine. There is 

considerable loss of wet strength and wet stiffness in non-acetylated wood as compared to 

acetylated wood. There is a loss of over 60% in wet strength in non-acetylated wood while 

acetylated only drops 10%. There is a loss of over 35% in wet stiffness of non-acetylated wood 

while acetylated wood only loses less than 9% in wet stiffness. Acetylation has been shown to 

slightly increase the strength properties of fiberboards and flakeboards. Strength properties of 
wood are very dependent on the moisture content of the cell wall. The fact that the EMC and 

fiber saturation point of acetylated wood are much lower than that of unmodified wood alone 
accounts for their difference in strength properties [5].

Table 7: Strength properties of acetylated solid pine wood.

Sample Dry Strength

MOR N/mm2

Wet Strength

MOR N/mm2

Dry Stiffness

MOE N/mm2

Wet Stiffness

MOE N/mm2

Pine 63.6 39.4 10,540 6760

Acetylated Pine

(19WPG)

64.4 58.0 10,602 9690
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Conclusions
In acetylated wood, reductions in hygroscopicity are due to substitution of hydroxyl groups 

with an acetyl group which is less hygroscopic as compared to the hydroxyl group. Increased 

dimensional stability in acetylated wood is due to the bulking of the cell wall back to its original 

green dimensional so the cell wall cannot expand very much more (because of the elastic limit of 

the cell wall).  Decay resistance of acetylated wood is due to the lowering of the cell wall moisture 

content becoming too low to support fungal attack so the initial enzymatic attack does not take 

place.  Dry strength properties are not significantly changed in acetylated wood as compared to 
non-acetylated wood and acetylation results in greatly improved wet strength and wet stiffness 

properties.  
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Abstract
X-ray computed tomography (CT), which was introduced in the medical field in the early 1970s, is 
also a powerful tool for the non-destructive measurement of dynamic processes in wood. For more 

than 20 years, medical CT has been used in wood research at Luleå University of Technology. The 

uniqueness of the CT equipment allows processes such as drying, modification; water absorption; 
internal and external cracking; and material deformation to be studied in temperature- and 
humidity-controlled environments. The data recorded by the CT scanner during the process is 

converted into two or three dimensional images that, for instance, can show dynamic moisture 

behaviour in wood drying and crack formation. 

This paper provides an overview of the possibilities of using CT in bio-composite research, and 

shows examples of applications and results that can be particularly difficult to achieve using other 
methods. A specific focus is on studies on wood products that use combinations with materials 
such as metal and especially about how to deal with the difficulties that this entails. 

The practical application of the result is that CT scanning, combined with image processing, can 

be used for non-destructive and non-contact three-dimensional studies of exterior construction 

elements during water sorption and desorption, to study parameters such as swelling and 

shrinking behaviour; delamination phenomena; and crack development.

Keywords: Computed tomography, wood-composites, Gibbs phenomenon.

Introduction
Computed Tomography (CT) has been used for wood research since the early 1980s [1, 2]. This 

study focused on the use of medical CT scanners for wood research for its convenience in terms 

of sample size, versatility, and ease of operation. The working principle of CT is that X-rays are 

attenuated differently when passing through different materials. A detector collects the X-ray 

radiation emitted from a source on the opposite side of the object in different positions around 

one plane. The attenuation of the X-ray radiation is dependent on the attenuation coefficient of 
each material according to Lambert-Beer’s law. The data collected by the detectors is processed 

with a filtered back-projection (or convolution) algorithm, which is a technique based on Fourier 
transform, and converted into a two dimensional grey-scale image. This image is formed by 

pixels that carry the information of the so-called CT number or Hunsfield number, which is the 
normalization of the X-ray attenuation coefficient to the corresponding absorption coefficient 
for water. The CT number for air is around -1000 and for wood it is around -500 (there is a large 

variation depending on the density of the wood species, type of wood, and its moisture content). 

High-density materials appear from light grey to white in a CT image and low-density areas are 

darker grey to black. Usually a water phantom is scanned together with the specimen so that the 

CT image can be calibrated in a way that air appears black and water appears white. The result is 

an image with a grey scale that is proportional to the density, which allows further studies such as 

moisture content measurements and capillary flow in wood based materials. 

In a medical CT scanner, the sample remains still while the X-ray source and detectors rotate on 

opposite sides, which is an advantage when working with large samples. The use of medical CT 

for bio-composite elements is limited by the fact that materials that are found above aluminium 

in the periodic system block all the X-ray radiation and are thus unsuitable to be scanned. Another 

limitation is the Gibbs phenomenon, which shows the borders between materials with large 

difference in CT numbers as a blurry transition because the Fourier transform cannot reconstruct 

a step function correctly and overshoots where there is a sharp discontinuity [3]. These two 

problems are addressed in this article with two projects studying a combination of wood and 

aluminium. The first is the testing of a glulam beam with a metallic connector and the second is 
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the study of different reconstruction algorithms 

to study wood-aluminium transitions.

Materials and Methods

A Norway spruce (Picea abies Karst. (L.)) glulam 

beam (115 x 315 x 400 mm3) with a metallic 

connector was used for CT scanning. The parts 

of the metallic connector, formed by a 5 mm 

thick plate and 100 mm long dowels of 10 

mm in diameter, were replaced by aluminium 

(Figure 1).

 
Figure 1: Glulam beam with the connector parts replaced by 

aluminium.

Luleå University of Technology in Skellefteå 

has established a CT centre that uses the 

advantages of medical CT to perform unique 

tests for the non-destructive monitoring of 

dynamic processes such as drying, modification, 
tracking, and material deformation. Eventually, 

the CT scanner is combined with a specially 

designed drying chamber that allows 

reproducing industrial drying schedules or 

thermal modification processes and scanning 
the material as it is being subjected to the 

process.

The scanning was performed in a Siemens 

Somatom Emotion Duo medical CT scanner, 

which has an energy range from 80 to 130 kV 

and a scanning depth ranging from 1 to 10 mm. 

The field of view is 500 x 500 mm2 divided 

into 512 x 512 pixels, providing a resolution 

of 1.024 pixels per mm. Applying different 

reconstruction algorithms built into the 

scanner’s software, it can generate images with 

higher resolution. In order to study the effects 

of these algorithms in the reconstruction of 

the border between materials, a combination 

of aluminium and wood was scanned. Figure 
2 shows the scanned object: two pieces of 

Scots pine (Pinus sylvestris L.) with a 3 mm 

aluminium plate in between them. The object 

was scanned with no reconstruction (spatial 

resolution of 1.024 pixels per mm) and with six 

different reconstruction algorithms reducing 

the field of view in half (spatial resolution of 
2.048 pixels per mm).

 

Figure 2: Two pieces of Scots pine attached to a 3 mm thick 

aluminium plate.

Results and Discussion
Figure 3 shows a CT image of the glulam beam 

with aluminium replacing the original metal 

connectors. The lower dowel is sealed with 

silicone sealant. It is clearly possible to scan 

wooden elements with aluminium parts and 

inspect the interactions of both materials. This 

means that it is possible to study metal-wood 

composites as long as the metallic parts are 

replaced with aluminium or any other suitable 

material like resins or plastics. 
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Figure 3: Cross-sectional view of a glulam beam of Norway spruce 

with an aluminium plate anchored with two aluminium dowels. The 

lower dowel is sealed with a silicone sealant. The grey scale of the 

image indicates density:  high density materials, like aluminium, are 

white, whereas low density (air) is represented by black pixels.

The precision can, however, be lowered in areas 

near the transition of materials due to the Gibbs 

phenomenon. Figure 4 shows the values of the 

CT number for the object presented in Figure 
2 in a profile perpendicular to the aluminium 
plate from the different reconstruction 

algorithms that were tested. These different 

algorithms show different sharpness in the 

transition between wood and aluminium, 

but none of them is able to capture the sharp 

border. The transition zone in the reconstructed 

images is between about 3 and 7 pixels in width 

depending on the reconstruction algorithm.

Figure 5 shows a CT image of the cross section of 

the object with no reconstruction (a raw image 

from the CT scanner) and with two different 

reconstruction algorithms. Even though Figure 
5 shows an improvement in image resolution 

with increasing sharpness of the algorithm, it 

is also known that this increases the noise and 

therefore produces a less accurate picture. 
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Figure 4: CT number corresponding to the transition wood-aluminum-

wood as represented by six different reconstruction algorithms.

The application of medical CT-scanning can 

be used for non-destructive and non-contact 

three-dimensional studies of different wood 

composite elements during water sorption 

and desorption, to study parameters such as 

swelling-shrinking, delamination phenomena, 

and crack development.

Conclusion
The division of Wood Science and Engineering 

at Luleå University of Technology has one of 

the few CT facilities in the world specifically 
adapted for material studies in large scale. 

Furthermore, the CT scanner can be combined 

with a specifically designed drying chamber. 

It has been shown that medical CT is a powerful 

tool for the study of composites that combine 

wood and aluminium. A high accuracy can 

be achieved by selecting the appropriate 

reconstruction algorithm, and the response 

of the specimen to dynamic processes can be 

measured: cracks, deformation, interactions 

with water, etc.

The practical examples given in this paper 

provide an overview of possibilities and limits of 

the CT scanning technique for testing different 

timber engineering elements in which wood, 

metal, and moisture interact and strongly 

influence the performance.
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Abstract
The mechanical and surface properties of medium density fiberboards and particleboards panels 
were determined over accelerated aging test. The specimens were exposed to wet-dry cycle 

treatment for fifteen cycles. The changes at mechanical property and surface properties were 
investigated by a vibration non-destructive test and surface profiler, respectively. The wet-dry 
cycle treatment caused dynamic modulus of elasticity (E

d
) values changed with different extent 

for each panels. E
d
 of the panels decreased gradually as they are exposed to repetitive wet and 

dry condition. Surface roughness of all the panels also changed which was shown of increasing 

value during successive cycle. However no remarkable changes were found in case of MDF which 

is bonded by MDI. 

Introduction
Wood-based panel product suffers changes in quality with practical use without exception of 

mat-formed panel product. Medium density fiberboard (MDF) and particleboard (PB) panels are 
commonly used for furniture and element of housing construction. For such applications, panels 

exposed to natural condition over long time either in the interior condition or protected exterior 

exposure condition. At this situation, humidity along with temperature change repetitively which 

is considered as major influence on durability of mat-formed panel products. The durability of 
particleboard for exterior purposes is measured by extent of strength properties, dimensional 

stability and surface appearance over time [1]. However, only the strength degradation and 

dimensional changes are commonly evaluated using either standardized accelerated aging tests 

or others laboratory procedure tests [2-5] while surface properties are less explored or if it was, 

usually evaluated separately. The surface properties of MDF and PB become notable parameter 

when they are exposed to humidity change. Moreover, evaluation of strength degradation along 

with surface degradation under accelerated aging test is very limited reported. It is well known 

that reducing properties can affect durability performance of the product itself and further cause 

shortening service life of the product. Therefore, this study was aimed to analyze the durability 

performance of MDF and PB by starting from observing the change of mechanical and surface 

properties. In order to obtain information about change behavior of the panels, a mild aging 

treatment was used as it had been reported to have fairly small changes yet well trace of the 

degradation in previous work [6].  
 

Experimental
Two groups of commercially manufactured panels, MDF and PB were used as specimens. Each 

panel group consisted of two type’s panel which different in adhesive type so then four types of 

panels overall; MDF bonded with melamine urea formaldehyde (MDF(MUF)), MDF bonded with 
methylene diphenyl diisocyanate (MDF(MDI)), PB bonded with phenol formaldehyde (PB(PF)) and 

PB bonded with methylene diphenyl diisocyanate (PB(MDI)). Specimens were prepared to be 

300 mm long and 50 mm wide with five replications. The specimens were subjected to relative 
humidity (RH) change condition which is called wet-dry cycle treatment for fifteen cycles under 
laboratory-controlled conditions. Each cycle consisted of wet and dry states; 60°C and 90% RH for 
120 hours was defined as the wet state and 60°C for 48 hours without humidity control was defined 
as the dry state. At the end of every state, the dimensions of specimens were measured and E

d
 

values of (2,0) vibration mode were determined with a vibration non-destructive method using 

sound level meter with fast Fourier transform analyzer (CF-7200, Ono Sokki). At the same period 

of Ed measurement, surface properties was also evaluated. Surface roughness of the specimens 

were conducted using a surface profiler (SJ-301, Mitutoyo Surftest) which is a stylus type device. 
Three points of roughness measurement were marked on the surface of the specimens to ensure 
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the same point measured at each time of measurement. Two roughness parameters, average 

roughness (R
a
), mean peak-to-valley height (R

z
) were measured quantitatively to determine the 

change of surface quality over the wet-dry cycle treatment. The definition of these two parameters 
are characterized in JIS B 0601-2001 [7]. All parameters for both mechanical and surface roughness 

were measured before and during cyclic treatment.  

Results and Discussion
Mechanical properties changes of panels

Using vibration non-destructive test, E
d
 value of specimen at each state and each cycle was 

obtained by calculating from the resonance frequency of natural transverse vibration. The average 

E
d
 values of the specimens before treatment and after the complete cycle both at wet state and 

dry state is summarized in Figure 1. It shows that E
d
 value of all panels decreased after exposing the 

aging treatment which is different between wet state and dry state. E
d
 value at wet state is lower 

than that at dry state which means higher humidity is greater influencing the dynamic bending 
property. In order to perceive E

d
 loss during the aging treatment, E

d
 retentions of all panels at dry 

state at each cycle were computed based on the E
d
 value at initial stage. The obtained results are 

shown in Figure 2. The figure shows there is variation of E
d
 retentions during the treatment and 

each panel proceeded degradation of E
d
 in different extent. MDF panel which is bonded with MDI 

resin experienced slight E
d
 loss compared to others type of panels whereas PB(PF) was found 

had greatest Ed loss among the panels. PF resin has been well known less durable than MDI 

types. If considering only resin variable, it was found a discrepancy that MDF(MUF) had less E
d
 

retention than PB(PF). However, the rate of board degradation is little complex. It would be due 

to reversible stresses for any specific combination of binder, species and particle type and the 
rate would depend on the cycle number and moisture content change and the magnitude of the 

moisture change [8].

Another interest from Figure 2, PB(MDI) and MDF(MUF) panels exposed to repetitive wet and 

dry condition along fifteen cycles had equal extent of E
d
 retention. In this case, panel with fiber 

element combined low durable adhesive undergo E
d
 degradation which was similar to particle 

element bonded with high durable adhesive. By wet-dry cycle treatment, both panels are in the 

same performance level.

   

Figure 1. E
d
 values at initial and after fifteen cycles of treatment Figure 2. Ed retention of panels during fifteen cycles of treatment
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Surface properties changes of panels

Average values of surface roughness properties (R
a
 and R

z
) before and after wet-dry cycle 

treatment are presented in Figure 3. Initially, all panels had low R
a
 and R

z
 value which ranged from 

2.23 to 2.99 µm and from 32.19 to 59.06 µm, respectively. After exposure to aging treatment, R
a
 

and R
z
 value of all specimens increased which varied from 2.76 to 4.84 µm and from 35.14 to 68.89 

µm, respectively.  It can be seen from the figure that PBs types had higher R
a
 than MDFs types 

before and after suffering aging treatment, which can be defined that PBs panels are coarser than 
MDFs panels. Surprisingly, within the two types of PB, the results suggest that surface roughness 

is rather independent of adhesive type. The R
z
 values were found consistent with R

a
 values which 

can be recognized from the similar trend for all panel types. 

Figure 4 shows changes of R
a
 value for all panels exposed to wet-dry cycle treatment during fifteen 

cycles. By measuring each state of cycle, changes of the surface roughness over the repetitive 

wet and dry condition could be followed.  Apparently, value of average roughness increased 

gradually following successive cycle. Those increasing were different extent among the panels. 

However, wet-dry cycle treatment caused no remarkable change for MDF(MDI). It is considered 

that MDF(MDI) is more stable than other panels during wet-dry cycles treatment. It is related 

that fine element, i.e., fiber bonded with a type of high durable adhesive give panel compact 
arrangements and the wet-dry aging condition is not easy to degrade the panel compare others.  

Relation between dynamic modulus of elasticity and average roughness change 

A ranking of properties degradation was made by calculating degree of the changes after complete 

cycle on the basis of their initial value. In the order of panel E
d
 degradation from the most to least 

was PB(PF), MDF(MUF), PB(MDI) and MDF(MDI), while for the surface degradation was MDF(MUF), 

PB(PF), PB(MDI) and MDF(MDI). Therefore, the relation between E
d
 degradation and surface 

degradation of panels under wet-dry cycle treatment was found slightly different for two type of 

panels. The E
d
 degradation of PB(PF) is much more marked than the surface degradation, whereas 

the surface of MDF(MUF) is sorely degraded than its dynamic modulus of elasticity by the wet-dry 

cycle treatment. However, two type of panels with MDI adhesive exhibited conformable rank for 

E
d
 and surface degradations as they used the most water resistance adhesive type. 

 

Figure 3. Average Ra and Rz values of the panels
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Figure 4. Changes of Ra value of the panels during treatment 

Conclusions
The wet-dry cycle treatment caused mechanical degradation for all panels in term of E

d
 values. E

d
  

decreased gradually during the cycle treatment with various extent of retention. MDF(MDI) had 

slight E
d
  degradation compared to others type of panels whereas PB (PF) was found had greatest 

E
d
  degradation. Under wet-dry cycle treatment, which is not drastically degrade the panels and 

using a vibration non-destructive test, behavior of E
d
  retention could be well presented.  

The surface roughness of panels before, during and after accelerated aging could be well 

evaluated by stylus type profiler. The changes of surface roughness were displayed at each state 
and each cycle and those revealed that increasing of R

a
 and R

z
 values occurred for all panels. 

However no remarkable changes of surface roughness was found for MDF(MDI) compared to 

other panels. Considering relation between E
d
  degradation and surface degradation among the 

panels, MDF(MDI) seems to be very stable under wet-dry cycle treatment. 
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ABSTRACT
Mechanical Performance of Glue Joints in Structural Hardwood Elements as those for solid beech 

wood, wherein also the crack propagation takes place. It can be concluded that such joints have the 

necessary strength to be used in timber constructions.  Joints of phenol resorcinol formaldehyde 

(PRF) showed constantly good results, the determined characteristics generally lay in the same 

range as for beech wood.

KEYWORDS: gluing, hardwood, beech, delamination test, shear strength, fracture energy

1 INTRODUCTION
Wood has always been used as building material, it is widely available and easy to work with. 

Coniferous trees are mostly preferred to broad-leafed trees, they have a straight growth and 

are generally lower in density. Lower density in means of wood physics also stands for a good 

machinability, but also for a reduction in the strength parameters and lower Young’s moduli and 

shear moduli. The softwoods were nevertheless favoured in construction engineering during the 

past centuries -and still are-and their trees consequently were cultivated also in regions originally 

dominated by broad-leafed trees. In the same time the beech gained 4.3x106 m3 (+6 %) and 

also ash (+24,4%). These two species represent the most common soft- and hardwood species 

in Switzerland, but this trend is equally valid for soft- and hardwood in general. The increasing 

hardwood reserve will lead to an increase in hardwood harvest. Instead of the currently usual 

energetic use, an intermediate step, e.g. as building material, could add value to this resource and 

would be a reasonable application of the additional hardwood (see fig.	1).  

  

Fig.1: Timber construction with beech and ash wood in Switzerland (Beer Holzbau AG Ostermundingen/CH), http://www.beer-holzbau.ch/

Adhesive bonding is an essential task in modern timber engineering. The spruce is since 100 years 

and more Europe’s most important wood resource for timber engineering. Consequently, the 

testing standards focus mainly on this wood species (see EN 302-2, delamination test). The higher 

swelling, shrinking, MOE induced higher stresses in the glued wood and in the bondline during 

changing climatic conditions (see fig.	2). 
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Fig. 2: Delamination from beech wood after delamination test according EN 302-2 with different adhesives (Foto: TU Munich, left side MUF with 

long closed assembly time, right: 1 C-PUR without primer), left part and ash wood after delamination  under dry conditions in the winter (rigth 

part) (Foto: P. Niemz)

A delamination we can have also in winter in heated rooms induced from the low air humidity. 

The same effect we have also for parquet. A transfer of these standards onto other wood species 

is, due to the material’s complexity, only of limited application. New approaches have thus to be 

employed to verify the load bearing capacity of glue joints in other wood species. The European 

beech (Fagus silvatica L.) is the most common broad-leafed tree species in Switzerland. It has 

good mechanical properties of which the timber engineering can profit. The focus of this work 
therefore was on the failure mechanisms of glue joints in beech wood, realized with different, 

commercially available adhesive systems. With hardwood we have a lot of problems with the 

gluing (high internal stresses, high swelling, influence from extractives etc.), see Ammann (2015). 
Therefore the present project was sub-divided in numerical and experimental investigations. 

The numerical simulations investigate the moisture transport, stress distribution, fatigue and 

delamination to increase the predictability of the safety of bonded hardwood The experimental 

investigations determine the yet unknown physical properties of glue joints necessary for the 

numerical simulations, illustrate the behaviour of cracks at such joints at their different stages 

and develop testing methods suitable for glue joints in hardwood. The latter- experimental- 

investigations are covered in this study, using fracture mechanical approaches, standard tests, 

and small scale experiments; the study concerning the numerical investigations can be found 
in Hassani (2015) in a second thesis (numerical simulation from moisture induced stresses) (not 

reported in this presentation, see PhD thesis Hassani, ETH (2015)).  

2 MATERIAL AND METHOD
2.1 Fracture toughness
Wood and glued wood

European beech wood (Fagus silvatica L.) was used. The samples were prepared from the 

same trunk lumbered in the region of Zurich, Switzerland (temperate climate). Prior to sample 

preparation the raw beech wood boards were conditioned at standard atmospheric conditions 

(20oC, 65% RH) until the equilibrium moisture content was reached. At that point, the wood had a 

density of approximately 706 kg/m3 and a moisture content (MC) of 14.5 %. After conditioning, the 

slats of approximately 5cm x 6.5cm x 40cm were cut out and glued according to the manufacturers’ 

guidelines. The investigated adhesives are as follows:

• phenol resorcinol formaldehyde resin (PRF)

 Aerodux (glue 185 RL with hardener HP 155) provided by Bolleter Composites AG, Arbon, 

 Switzerland, and  

• one-component polyurethane (PUR) HB S 709

 provided by Henkel AG, Sempach-Station, Switzerland.

Before joining the slats, thin silicon coated films with a thickness of 35 µm were inserted into the 
bond line for the initiation of the crack (Fig. 3).

   

a) beech after delamination test b)  delamination in  ash under low air humidity
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This procedure was adapted from ISO 25217. After bonding, the slats were stored again at standard 

atmospheric conditions for 7 days and then conditioned to the desired environmental humidity. 

Three sample series were conditioned:

a)dry climate: 20oC, 50% RH; MC 11,0%
b)standard climate: 20oC, 65% ; MC 14,6%
c)wet climate: 20oC,95% RH,  MC 21%

Finally samples of 6mm x 50mm x130mm were cut out so that they contained an initial crack (i.e. 

silicon film of approximately 25mm length, (see Fig. 3 for illustration).

The orientation of the anatomic directions was chosen so that the crack propagates in the 

longitudinal direction and both late- and early wood are present on the crack plane, i.e. with an 

annual ring angle of 60o to 90o respective to the glue joint. The orientation of the annual rings in 

the bonded samples was chosen so that they coincide with industrial bonded elements, and the 

crack tip was placed directly in the adhesive to assure the investigation on the adhesive, not the 

solid wood.

Tests

The experiments were conducted on a Zwick/Roell Z010 universal testing machine with a 10 kN 

load cell and an Arcan test mount (Fig. 4). The Arcan test mount can be modified to realise load 
angles on the glue joint from 0º-to 90o in 22.5 steps. A load angle- α = 0º .Therefore corresponds 
to the fracture mode 2 (M2), and  α= 90o corresponds to the fracture mode 1 (M1). Mixed modes 
(MM) are denoted with the respective load angle as index (e.g. MM22.5 for α = 22.5o). In Fig. 5, an 
exemplary test setup for M1 (90o) is shown. With the gathered data the fracture toughness’s, Kc, 

were calculated:  

K
IC

, K
II
 and Kα

2.2 Fracture energy
Wood and glued wood

Regular samples 

All samples were produced with European beech wood (Fagus silvatica L.) from a single trunk. 

The tree was lumbered near Zurich, Switzerland, a region with temperate climate. The slats were 

stored at standard atmospheric conditions (20oC, 65% relative humidity (RH)) until the equilibrium 

moisture content was reached. At that point, the wood had a normal raw density of 750 kg/m3 

and a moisture content (MC) of 14.7 %. 

Boards of approximately 42cm x 42cm x 4cm were planed and bonded with the same adhesives 

shown in 2.1.

The bonding procedures were strictly adapted from the manufacturers ‘guidelines: PUR was 

applied on one side with a spread quantity of 180 g/m2 to 200 g/m2 and pressed for 175 min, PRF 

was applied on both sides each 225 g/m2 (liquid content) and pressed for 240 min. The applied 

pressure for both adhesives was 1.2 MPa. When the wood was acclimatized, the samples were cut 

into their final shape of 20mm x 66mm x390 mm (fig.5).
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Fig. 3: Sample preparation and geometry Fig.4: Arcan Test
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Fig. 5: DCB geometry, in [mm]

While planing, the boards were slightly inclined (~1º) to achieve a potential grain angle towards 

the glue joint in the crack propagation direction. This reduces the risk of the crack propagating 

too far from the specimen’s centre. The annual ring angle on the glue joint was between 60º and 

90º for all sample.

Aged samples

Three sets of variably aged glulam elements were available and were also used for sample 

preparation. The beech wood used for the glulam elements came from the same region as for 

the regular samples, but from a different trunk. The adhesives and their respective applications 

were identical. The glulam elements consisted of six boards each 45cm long 15cm wide and 3cm 

thick. These boards were stored at standard atmosphere until moisture equilibrium content was 

reached and the glulam elements were bonded at the same climate. The ends of the elements 

were sealed with a thick alkyd resin coating to avoid end grain moisture diffusion, and thus 

imitated moisture profiles of long glulam beams. Ageing of all wood beams took place between 
March 2012 and May 2014.

The three different processes were natural, 

• indirect weathering (AW),

• one cycle of dry and wet relative air humidity (ACC)

• and constant high relative air humidity (A95).

The A95 samples were stored for two years at 20oC, 95% RH. The ACC samples were first stored at 
20ºC, 50% RH for 150 days, then at 20ºC, 95% RH for 250 days, and then again at 20ºC, 50% RH until 

the samples were tested. The AW samples were stored outdoors in a roofed depot. They were 

protected from rain, but complete evasion of snow during winter was impossible due to wind. 

Temperature and relative air humidity were recorded directly at the glulam elements. After ageing, 

the glulam elements were cut into samples. For these experiments here the top and bottom glue 

lines were taken. The sample preparation was done using the same method as for the regular 

samples. Only the sample height had to be reduced to 60mm because of the board thickness in 

the glulam elements. All other procedures were kept the same. The outdoor weathered glulam 

elements were acclimatized at standard atmosphere before sample preparation. A Zwick/Roell 

Z010 universal testing machine with a 10kN load cell was used for all experiments. The load was 

applied perpendicular to the glue joint, i.e. in pure opening mode. Ammann and Niemz found an 

influence of the testing speed on the measured results. For this reason the crack propagation rate 
was held constant in this study and remained in the range of 3 cm/min to 4 cm/min. For the PUR 

bonded samples an additional series with increased (~40 cm/min) and reduced (~ 0.4 cm/min) 

crack propagation rates were tested.  



60

3 RESULTS
3.1. Mixed mode fracture toughness 

The above-mentioned calculation of Kc with the corresponding correction factors base on 

isotropic materials and might therefore not be valid for wood or wood-based products. For a 

better overview, the Kc values with corresponding CIs are illustrated in Fig. 6 for PUR and  for 

PRF. The bulk density of the used wood lies within the common range found in literature, being at 

706 kg/m3 at standard climatic conditions. The MCs are slightly higher compared with literature 

values, but are within the normal range. No significant differences of the Kc of the PUR glue 
joints can be found between load angles from M1 to MM22.5, but a significant increase is visible 
from MM22.5 to M2. This observation applies to all three climate steps. It can be assumed that 

PUR glue joints perform equally well independent of the load angle until a certain percentage of 

shear force is reached. In the regular to dry climates, wood failure starts to occur occasionally 

when decreasing the load angle to 22.5º. As for Kc, a distinct increase in WFP is notable between 

MM22.5 and M2. It thus seems plausible that, at that angle, towards pure shear load, bonding 

mechanisms come into account that significantly increase the glue joint’s performance. Possible 
mechanisms can be differences in the stress field, surface roughness and mechanical interlocking. 
Similar observations can be made for the PRF in the dry and standard climates as for the PUR, 

except that K
I
;c is lower than those at the MM.

However, at the wet climate an unexpected behavior was observed. The measured K
I
;c of the PRF 

are not only higher than at standard atmosphere, they are even at the same level as K
II
;c in the 

wet climate. The minimum Kc can be found at a load angle of 22.5º respective to the bond line, 

being significantly lower than K
I
;c and K

II
;c. An explanation for this behaviour has not been found, 

neither in the evaluation nor in the literature. Regarding the WFPs of both adhesives, it becomes 

apparent that shear stresses at glue joints promote wood failure in the system. In general, PRF 

predominantly produces wood failure, whereas PUR mostly fails in adhesion (see also Ammann [1]). 

Joints of phenol resorcinol formaldehyde (PRF) showed constantly good results, the determined 

characteristics generally lay in the same range as for beech. Fig. 6: Fructure toughness Kc of PUR 

for different RH with CI (confidence interval) in black area Polyurethane (PUR) has good fracture 
mechanical properties, but these cannot be activated in beech wood joints. The weakest link of 

PUR joints in beech is the adhesion. 

   

Fig. 6: Fructure toughness’ Kc for 1 CPUR (left) PRF right)  and different RH with CI (confidence interval) in black area)
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3.2 Fracture Energy
A summary of all the gained results is given in fig	7.

                                                                              

         

  

Fig 7: Fracture energy for glued wood PUR and PRF and for beech solid wood

The conducted DCB experiments on PRF glue joints in beech wood allow drawing the following 

conclusions:

• PRF glue joints fail in the adherent, the fracture energy is thus identical with solid beech wood.

• G of beech wood under pure opening mode is at 0.85N/mm for regular to dry climates.

• Beech wood at humid conditions has a distinctly increased G (1.35 N/mm at 95% RH). Thus, 

the increase in plasticity outweighs the reduction in strength of beech wood with regard to G.

All applied ageing processes had the same influence on PRF glue joints, a probable reduction in G 
by 10% to 15% within two years, with no change in WFP.

The findings for PUR glue joints in beech wood can be summarized as follows: 
• the weakest link at PUR glue joints in beech wood is the adhesion; 0.24N/mm were needed 

on average for crack propagation wood failure is seldom observed.

• testing speed, climate and ageing all displayed no influence on the WFP.
• no significant influence of the ageing processes on the adhesion was observed.

4 CONCLUSIONS
Only the PRF was able to achieve the demanded tensile shear strengths. In what extent these 

standard tests estimate the quality of such elements will the future show, since just such ash 

wood elements are already realized in Swiss timber constructions.
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Abstract
In this study the improvement of wood-straw particleboard properties by using urea formaldehyde 

(UF) glue modified by ethanol was investigated. The wheat straw, wood particles, UF resin, 
ammonium chloride, and ethanol were used for particleboards production. Three-layered wood-

straw particleboards were produced with the thickness of 16 mm and target density of 650, 750 

and 850 kg/m3, respectively. Wood particles and a mixture of wood-straw particles were used for 

outer and inner layers of the particleboards, respectively. The ratio of layers was 20:60:20 (outer 

: inner : outer). For outer layers of the particleboard the non-modified urea formaldehyde (UF) 
glue was used, while for the inner layer a content of ethanol of 10 mass units on 100 mass units of 

resin was added. It was found that wood-straw particleboards with UF glue modified by ethanol 
presented improved properties. The results showed a significant increase in MOR and IB. The 
water absorption and thickness swelling were slightly reduced. 

wood-straw particleboards / wheat straw / wood particles / urea formaldehyde glue / ethanol

1. INTRODUCTION
The demand for wood particleboards in Europe will increase annually with 3% by 2020 [1] and 

their consumption will increase to 99 millions m2, while in 2005 the consumption was of about 70 

millions m2 [2]. However, the development of particleboards is going slower by the lack of wood 

[3, 4].

In Ukrainian agricultural terms cereal straw is the most perspective raw material, which can 

replace wood in the manufacture of wood composites and particleboards in particular. Wood 

and straw have similar chemical composition. The stocks of straw increase annually. Straw is the 

waste of agriculture and its price is low. In the USA, cereal straw is considered after bahasa the 

second most suitable resource for agricultural production of wood fiber composites [5].

The major obstacle in using straw for the particleboards manufacturing is its fat-wax surface layer 

which influences the adhesion between straw particles when using traditional UF glues [6-13]. 
However, the quality of bonding can be improved when removing the fat-wax layer by using 

some physical or chemical processes [14-16] as well as through the replacement of UF glues by 

other glues having greater reactivity [6, 17].

Steam, acids, alkalis are usually used to remove the fat-wax layer resulting in a significant 
improvement of such particleboard properties. However, additional energy costs for steam 

production and particles drying, use of corrosive substances and additional equipment for straw 

particles processing represent some drawbacks for the implementation of such methods in 

particleboards manufacturing.

The use of isocyanate glues for straw particles bonding will reduce the time and temperature 

of hot pressing plates [18]. But the cost of isocyanate glues for wood and straw bonding is 

substantially greater than other glues for wood, such as urea formaldehyde, phenol-formaldehyde 

and melamine-formaldehyde [19]. This fact reduces the attractiveness of isocyanate glues and 

influences the manufacturers of particleboards to use cheap and easy manufactured UF glues 
[20].

The innovation of the present study was to use ethanol to remove the fat-wax surface layer of 

straw particles in the process of bonding them with the modified UF glue in order to achieve a 
low-cost production of such particleboards [21]. Herewith, the strength of straw particles bonding 

can be increased without using steam, acids, alkalis and expensive adhesives with high reactivity.
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The present study investigated the influence of UF glue modified by ethanol on some mechanical 
and physical properties of wood-straw particleboards.

2. EXPERIMENTAL
2.1. Materials
Wood particles supplied by a particleboards producer and wheat straw resulted from a local farm 

in Ukraine were used for this study. Stems of straw were initially cut at a length of 20-30 mm by 

a straw-cutting device and additionally crushed on a blade mill. Wood and straw particles were 

separately dried in oven at a temperature of 85°C while they reached 2% moisture content and they 

were sorted in a laboratory sorting machine by using a sieve with cells of about 2×2 mm. Particles 

were separately kept in plastic bags according to their type (wood, straw) and destination (outer 

layer, inner layer) under laboratory conditions.

A commercial UF resin with a solid content of 64%, hydrogen ions concentration (pH) of 8.1, 

viscosity of 92 s (nozzle diameter of 4 mm) and gelification time of 53 s at 100°C was used. 

Ammonium chloride, which was used as a hardener, and 96% solution of ethanol were purchased 

from specialized shops.

2.2. Glue preparation
Unmodified UF glue was prepared by mixing the UF resin with a previously prepared 20% water 
solution of ammonium chloride. For internal and external particleboard layers the hardener 

contents were of about 1.5% and 0.25% of the mass of absolutely dry resin, respectively.

Modified UF glue was prepared by mixing the UF resin with a previously prepared 20% water 
solution of ammonium chloride and 96% ethanol. The content of hardener in adhesive was of 

about 1.5% by weight of absolutely dry resin. The content of ethanol was 10 mass fractions to 100 

mass fractions of the resin solution. The value of stated mass fraction of ethanol was obtained by 

previous studies [21]. All the glue components were mixed for 10 minutes.

2.3. Manufacturing of wood-straw particleboards 
Three-layered wood-straw particleboards with the thickness of 16 mm and dimensions of 300×300 

mm, having densities of 650, 750 and 850 kg/m3 and a ratio between the layers of 20:60:20 (outer 

: inner : outer) were manufactured. Herewith, the wood particles for outer layers were mixed 

with unmodified UF glue. To form the inner layer of particleboard the wood and straw particles 
were mixed at the ratio of 35:65% with UF glue modified by ethanol. The glue consumption in 
the particleboard layers was 14% of the mass of absolutely dry particles. The mat made of such 

particle-glue mixture was slightly pressed and then directed to press for hot-pressing. The remote 

gaskets were used in pressing. The pressing schedule of wood-straw particleboards is shown in 

Table 1.

Table 1. The pressing schedule of wood-straw particleboards

Settings of pressing regime Density of boards, kg/m3

650 750 850

Specific pressing pressure, MPa 2.2 2.2 2.2

Temperature pressing, ºC 170 170 170

Duration of pressing, minute/mm (minute) 0.43 (6.8) 0.49 (7.8) 0.55 (8.8)

 

The moisture content of particleboards was 8%. 
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2.4. Evaluation of wood-straw particleboards
Prior to sampling the manufactured particleboards were kept in laboratory conditions at the 

temperature of 20ºC and 65% RH for one week. The modulus of rupture (MOR), tensile strength 

perpendicular to the surface (IB), thickness swelling and water absorption were determined 

according to standards [22-24].

3. RESULTS AND DISCUSSION
It was found that wood-straw boards with modified glue presented better properties when 
compared to the standard requirements of wood particleboards. The most significant increase of 
about 53% was found for MOR while for IB an increase of about 33% was noticed. Water absorption 

and thickness swelling were reduced but such changes did not exceed more than 10%.

Consequently, the ethanol contained by the glue was expected to dissolve the fat-wax layer of 

straw during the particleboards manufacturing. As a result, in the contact points of straw and 

glue, the hydrophobic effect of fat-wax layer on the adhesive interaction with particles decreases. 

During the pressing step the ethanol evaporates from the boards together with the moisture.

Mechanical performance of wood-straw particleboards bonded with the modified glue met the 
standard requirements [25] (Figure 1, Figure 2). In particular, when the particleboards density 

increased from 650 to 750 kg/m3, MOR increased by 15%, and IB by 9%, while during the increase 

of particleboards density from 650 to 850 kg/m3, these mechanical performances were enhanced 

by 52% and 18%, respectively.

 

The thickness swelling and water absorption of wood-straw particleboards decreased with 

the increase in their density when using the modified glue (Figure 3). Moreover, the adhesion 

interaction of glue and straw surface was improved. 

When the particleboards density increased from 650 to 750 kg/m3 and from 650 to 850 kg/m3, 

their thickness swelling and water absorption were reduced by 4% and 31%, and 9% and 52%, 

respectively.  

 

Figure 3. Thickness swelling and water absorption of wood-straw particleboards.

Figure 1. Modulus of rupture of wood-straw particleboards. Figure 2. Tensile strength perpendicular to the surface of wood-straw 

particleboards.
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4. CONCLUSIONS
The modification of UF glue with 96% solution of ethanol of 10 mass parts on 100 mass parts of 
resin resulted in enhanced properties of wood-straw particleboards when compared to standard 

requirements. The modulus of rupture and the tensile strength perpendicular to the surface 

increased by 53% and 33%, respectively. Water absorption and thickness swelling were slightly 

reduced. Therefore, is possible to expand the raw material stock for particleboards manufacturing 

by using straw and save the wood material.
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Abstract
The hardness of the outer surface of solid wood can be improved by densification, and this opens 
up new fields of application for low-density species. So far, surface densification is carried out 
in time- and energy-consuming batch processes, and this means that potential advantages 

over more expensive hardwood species or non-renewable materials are lost. One of the crucial 

problems in all densification processes is to reduce the moisture-induced set-recovery of the 
densified wood cells. In a previous study, a new high-speed continuous surface densification 
process was introduced, where the surface of solid Scots pine boards could be densified at speeds 
of up to 80 m/min by a roller pressing technique. The aim of the present study was to integrate 

the roller pressing technique with different pre- and post-treatment methods to reduce the set-

recovery. An aqueous solution of sodium hydroxide was used as a pre-treatment agent to activate 

the wood surface prior to densification, and a methacrylate ester monomer solution was used as 
an impregnation agent, both before and after densification. After densification and impregnation, 
the methacrylate monomers are polymerized by curing in an oven at 100°C in order to stabilize 

the compressed wood cells. The results show that the different treatments had no significant 
effect on the set-recovery, probably due to insufficient penetration into the wood material. Future 
work will focus on improving the treatment process and integrating all process steps into a fully 

continuous and automatic process.

Keywords: compression, sodium hydroxide, methacrylate, impregnation, roller pressing

Introduction
Surface densification of solid wood is a concept that has gained popularity in the past years. Even 
though the first studies into this subject originate from the 1960s [1], recent interest was perhaps 
triggered by a similarly renewed interest in bulk densification of wood [2-4]. The densification of 
wood increases its hardness and abrasion resistance, and this opens up new fields of use, especially 
for low-density wood species. Compared to bulk densification through the whole thickness of a 
wooden board, surface densification offers certain advantages. Densifying only a few millimeters 
deep into the wood surface reduces the process time, costs and energy consumption, and also 

simplifies treatments to eliminate the shape memory effect of the densified wood cells when 
they are exposed to moisture. For certain applications, the combination of a hard surface and a 

relatively soft core is an asset. In the case of wooden flooring, a surface-densified board provides 
a durable surface while maintaining favorable dampening characteristics.

Past studies into surface densification of wood were aimed mainly at exploring different process 
approaches. Before performing the actual densification in a hot press, Inoue et al. [5] cut grooves 
into the wood surface and filled them with water, and subsequently exposed the surface to 
microwave radiation to plasticize the surrounding wood cells. Pizzi et al. [6] used a friction-

welding machine to densify two pieces of wood at the same time, separated by a layer of oil 

to avoid bonding. A similar approach was adopted by Rautkari et al. [7], but the vast majority of 

further studies used a rather simple surface densification process in a hot press [8]. Usually the 
press is equipped with a cooling system to cool the wood below its glass-transition temperature 

before the press is opened, and this greatly reduces the springback once the pressure is released. 

Several studies were carried out to examine the influence of the press temperature, softening 
time, pressing time and level of compression on the resulting wood properties, such as the density 

profile tin the direction of compression, the hardness and the set-recovery [9-11]. 

The latter is in fact one of the main obstacles in the way of commercialization of surface-densified 
wood products, and different approaches to eliminate the set-recovery, ranging from thermal 

post-treatment and steam treatments to impregnation with chemicals have been studied with 
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varying degrees of success. Westin et al. [12] impregnated the wood with furfuryl alcohol and 

achieved a reduction of the set-recovery to 17%. Kutnar et al. [13] were able to achieve a reduction 

to 6% by densifying wood specimens under saturated steam conditions at 170°C. Similar results 

were obtained by Laine et al. [14] after a combined heat and steam post-treatment at 200°C, with 

process times of several hours. In a recent study, Laine et al. [15] were able to reduce of the set-

recovery to 25% when densifying acetylated radiata pine.

The reported studies clearly show that it is possible to achieve a significant improvement in several 
wood properties with surface densification, and to stabilize the densification effectively, even upon 
repeated exposure to moisture. However, these approaches rely on time- and energy-consuming 

batch processes, and this means that potential advantages over more expensive wood species 

or non-renewable materials are lost. Using fossil-based plastics or applying wood densification 
processes with a high energy consumption has an adverse effect on the environment. 

For this reason, it is necessary to develop a high-speed surface densification process that is both 
cost- and energy-efficient. In a previous study, a continuous roller pressing approach was adopted 
to successfully densify the surface of Scots pine boards at a process speed of up to 80 m/min [16]. 

The experiment focused, however, only on the actual densification stage. The plasticization was 
done in a batch process, while additional stabilization treatments were completely omitted. 

The objective of the present study was to integrate the roller pressing technique with different 

pre- and post-treatment methods to reduce the set-recovery. An aqueous solution of sodium 

hydroxide was used as a pre-treatment agent to activate the wood surface prior to densification, 
and a heat-curing methacrylate ester monomer resin was used as an impregnation agent either 

before or after densification. 

Materials and Methods
The specimens were cut from locally sourced Scots pine boards with an initial cross-section of 125 

mm x 25 mm. The target dimensions before densification and after conditioning at 20°C and 65% 
RH in a climate chamber were 900 mm (L) x 40 mm (T) x 20.5 mm (R). The moisture content (MC) 

of the specimens was between 14 and 15 %. The specimens were cut so that the densification and 
chemical treatment were performed on sapwood cells.

Figure 1 shows an overview of the four-stage process flow, including the chemical treatments to 
reduce the set-recovery. Table 1 presents an overview of the treatment combinations that were 

tested. Each specimen group consisted of 10 replicates. 

The softening of the surface was carried out by putting the specimens on a hot iron slab, which 

was kept at a temperature between 140 and 150°C, for 90 s. To assure proper contact, a cold steel 

bar was placed on top of the wood specimens. After the softening stage, the specimens were 

turned, so that the softened surface was in contact with the heated roller during the densification 
stage (Figure 1). The specimens were densified in the radial direction of the wood with a gap 
between the rollers of 15 mm. The speed was 20 m/min and the temperature of the heated roller 

was 150°C. Due to the lack of a cooling stage, a considerable springback after densification was 
expected. In order to mimic a cooling stage, the group DL was fed through additional sets of cold 

(20ºC) leveling rollers immediately after the main densification stage. These rollers were set to 
successively smaller gaps between the rollers, starting with 17.5 mm for the first set, followed by 
16.5, 15.5, and 15.0 mm.
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Figure 1 – Overview of the surface densification process. The first process stage was an optional pre-treatment with either sodium hydroxide or 
methacrylate (1). Afterwards the wood surface was softened by heating (2). Before densification, the specimens were turned to be in contact 
with the heated roller during densification (3). In an optional post-treatment stage, the specimens were impregnated with methacrylate (4).

Table 1 – Overview of the treatment combinations.

Specimen group Pre-treatment Plasticization Densification Heated roller Post-treatment

R No No No No No

D No Yes Yes Yes No

DH No Yes Yes No No

D-M No Yes Yes Yes Methacrylate

DS- Sodium hydroxide Yes Yes Yes No

DSM Sodium hydroxide Yes Yes Yes Methacrylate

DM- Methacrylate Yes Yes Yes No

DL No Yes Yes Yes Leveling rollers

The pre-treatment with sodium hydroxide (Merck 1.06495.0250) was carried out by brushing an 

aqueous solution with a concentration of 8% onto the specimen surface with a paper towel until 

it was completely wetted. The subsequent process stages were performed after a waiting time of 

20 minutes. Regardless of whether it was applied as a pre- or post-treatment, the impregnation 

with methacrylate (TurnTex Woodworks Cactus Juice Resin) was carried out by soaking the wood 

surface in a bath with a depth of approximately 5 mm for 10 minutes at 20ºC. For the post-treatment 

with the methacrylate resin, the specimens were soaked immediately after densification, in order 
to exploit the suction effect caused by the temperature difference between the hot specimens 

and the cold resin. To cure the methacrylate resin after the densification and treatment process 
and trigger its polymerization, the respective specimens were placed in an oven at 100°C for 1 h.

The set-recovery of the specimens was measured after one and two cycles of soaking in water at 

20ºC for 24 h, followed by oven-drying at 103°C for 24 h. The set-recovery is defined as:

Results and Discussion
Figure 2 presents a summary of the results. Even though the distance between the rollers was set 

to a target thickness of 15 mm, the actual thickness after densification was about 18 mm for most 
of the specimens. This is equal to an effective thickness reduction of approximately 2.5 mm. The 

large difference between the actual thickness and the target thickness is the springback of the 

densified wood cells, mainly due to a lack of cooling to solidify the softened wood while it remains 
under pressure. The springback of the group DL could be reduced with the post-treatment of 

feeding them through the leveling rollers after the main densification stage.
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Set-recovery=
(oven dry thickness after soaking- oven dry thickness after compression)

(initial uncompressed thickness-oven dry thickness after compression)
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At first glance, it appears that the chemical treatments led to a small but significant reduction of 
the set-recovery. However, in reality this was not the case. As the initial, uncompressed thickness 

of the specimens was measured at an MC of approximately 14%, the oven-dry thickness after 

wet/dry-cycling will be lower than the initial thickness, resulting in set-recovery values below 

100%, even in the case of full recovery of the densified wood cells. The fact that the oven-dry 
thickness after two wet/dry-cycles is essentially the same for all the specimen groups indicates 

that this actually occurred. For this reason, the apparent difference in set-recovery between the 

specimen groups is misleading. In reality the chemical treatments had no significant effect on the 
set-recovery.

 

Figure 2 – Set-recovery after one and two wet/dry cycles, oven-dry thickness after two wet/dry cycles, oven-dry thickness after densification, 
and the distance between the rollers. The error bars show the standard deviation. The difference between the red line and the dashed line is the 

immediate springback caused by the lack of a cooling stage.

Prior to the roller pressing experiment, a small pre-study was carried out using an ordinary hot 

press to determine the method and parameters for the chemical treatments. In this pre-study, the 

treatment with methacrylate in particular had a significant effect on the set-recovery. Although 
the pre-study included only a small number of samples, it seemed to indicate that the method 

of densification affects the efficacy of the chemical treatment. In contrast to the roller-pressing 
approach, densification in a hot press provides continuous contact and pressure throughout the 
process, in this case for about 90 s. This could have a positive effect on the level of penetration of 

the methacrylate resin.

Conclusion
Except for the rather large and expected springback, the roller pressing densification approach 
worked well. The achieved thickness reduction was about 2.5 mm for all but one specimen group. 

A post-densification between cold rollers led to less springback, resulting in a thickness reduction 
of 3 mm.

The chemical treatment with either sodium hydroxide or methacrylate resin, or with a combination 

of both, had no significant effect on the set-recovery. 

Additional experiments will be carried out to examine whether the densification method has an 
effect on the level of penetration of the chemical into the wood. If this were the case, it would be 

interesting to test a continuous densification method that also provides continuous contact for 
a prolonged period of time, such as a belt press, similar to those used in the production of MDF 

boards. 
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Abstract
Within the Slovenian region of Istria, the olive growing and olive oil production industry is strong. 

This industry has a long history and the olives grown here have high levels of biologically active 

compounds including a variety of phenolic compounds. Using materials generated by this industry 

in potential wood preservative systems would not only valorize low value materials and stimulate 

rural economies, but would also provide an alternative to currently used oil-based preservative 

systems. The objective of this study was to produce an oil treatment for use as a wood preservative 

and assess its efficacy in reducing leaching, weathering effects, and fungal growth. This project is 
an ongoing and is a joint collaboration between the University of Primorska, the BioComposites 

Centre at Bangor University, the Norwegian Institute for the Bioeconomy (NIBIO), and the 

Biotechnical Faculty of the University of Ljubljana.

Introduction
Olive and olive oil culture in the Istrian region of Slovenia has a long established tradition dating 

back to the 4th Century BC. The “Istrska belica” variety of olives (Istrian white olives) produced in 

Slovenian Istria have been praised for their ability to withstand low temperatures, high oil content, 

good taste, high levels of monounsaturated fatty acids, and their high levels of biologically active 

molecules including biophenols (phenolic compounds), squalene, and tocopherols [1]. These 

characteristics may serve another purpose as well: providing protection against degradation 

in wood products. Throughout the process of olive growing and olive oil production, materials 

are generated that contain these biologically active compounds that could potentially provide 

resistance to the damaging effects of microbial decay and UV radiation.

Direct use of extra virgin or virgin olive oil as a wood preservative would prove to be an expensive 

option, however, less valuable products from olive production and the olive milling process also 

possess favorable characteristics. Much of this material is in the form of agricultural residue (e.g. 

leaves, branches) after beating and picking the olives or after seasonal olive tree pruning and 

would require further processing, extraction, and refinement before use. Other options are lower 
quality oils including olive-pomace oil and lampante virgin olive oil. These oils are typically further 

refined or used in technical applications [2]. However, using olive oil as a wood preservative is still 
a very limited field of study and the use of plant oils in general has several challenges associated 
with it.

One of the largest challenges in using plant oils in a wood preservative system is the tendency for 

the oil to leach from the wood after treatment. This is due to the oil not being bonded to the wood 

cell wall material, but rather being stored in the cell lumens. Also in this state, there is limited 

oxygen which slows the drying of the oil, keeping it in a liquid form and subject to exudation.

Based on these challenges, the first specific objective of this study was to modify olive oil 
derivatives to encourage fixation within the wood cell wall.

Experimental
Lampante oil was chosen as the starting material and was donated by the University of Primorska, 

Science and Research Centre, Institute for Olive Culture and was obtained from local sources 

in Slovenian Istria. This oil was chosen due to its widespread availability, it being a low-value oil 

produced during oil production, and it requiring no further refining as part of this exploratory 
study. As part of a COST Action FP 1303 short-term scientific mission (STSM) in collaboration with 
the BioComposites Centre in Bangor, Wales, modified oils were prepared using two different 
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maleinisation techniques. During this STSM five litre batches of the oils were prepared for 
impregnation into wood test specimens. As part of a COST Action FP 1407 STSM in collaboration 

with the Norwegian Institute for the Bioeconomy (NIBIO), pine and beech wood test specimens 

were prepared and impregnated with the modified oils.

Results and discussion
During the first STSM, two successful chemical modifications of lampante oil were developed 
to be used as a wood preservative. Analysis of the modification reactions via NMR and FTIR 
confirmed their success. These oils were then successfully impregnated into wood specimens 
(Fig. 1) after the best impregnation method was determined.

Fig. 1 – Specimens after oil treatment. The upper row is pine and the bottom row is beech. From left to right: control with no oil, untreated 

lampante oil, direct maleinisation, and glycerolysis/maleinisation.

In collaboration with the Biotechnical Faculty at the University of Ljubljana, the treated wood 

specimens are now undergoing testing for fungal resistance (Fig. 2), leaching performance, and 

resistance to accelerated weathering effects.

 
Fig. 2 – Dr. Miha Humar conducting fungal decay testing on treated wood specimens.

With the early success of these chemically modified oils and pending results of test specimens, 
it is possible to now consider the use of some of these other low quality products available from 

the olive oil industry for use in a wood preservative system which will drive down the cost of 

the treatments as well as provide a value added product to otherwise low value products. This 

is especially interesting for Slovenia and other countries with strong olive agriculture. These 

products have the potential to be utilized as a natural source of wood preservatives, particularly 

as an alternative to other oil-based preservatives currently in use [3].
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Abstract
A lot of wood furniture that had been made of medium density fibreboard (MDF) is expected to 
generate a huge amount of MDF wastes after its lifetime in all over the world. Thus, this study 

attempted to isolate recycled fibers from MDF panels using two different processing methods 
(refiner and hammer mill) after pre-treatment, and to investigate their performance of recycled 
MDF with different recycled fiber contents such as 0, 5, 10, 20, 30, 50, and 100 %. Mechanical 
properties of recycled MDF such as modulus of rupture (MOR), internal bond (IB) strength and 

screw withdrawal resistance (SWR) showed maximum values at 10% recycled fiber content and 
then decreased thereafter as the recycle fiber content increased. This result indicates that the 
recycled fibers are stiffer than virgin fibers owing to the cured resin in the fibers. Thickness 
swelling (TS), water absorption (WA) and formaldehyde emission (FE), a further increase in the 

recycled fiber content in the both recycled MDF decreased, except a few cases. And, FE values of 
recycled MDF made of were in the range of E1 grade level. These results indicated that recycled 

fibers prepared by hammer mill resulted in a better performance of MDF panels than those of 
refiner method.

Introduction
First commercial mass production of medium density fiberboard (MDF) has been made in 1965 
in United States of America, and its global production has rapidly increased, owing to its greater 

tolerance of raw materials, homogeneous properties, and outstanding processability. The first 
domestic production line of MDF in Korea has been built in 1986. And then the domestic production 

of MDF rapidly increased in 2000s, which reached over 2 million m3 in 2015. In Korea, MDFs are 

made mainly from softwoods like Pitch pine (Pinus rigida Mill) and Red pine (Pinus densiflora). 

Hardwoods like Oak (Quercus spec) are mostly used.  In European region, MDFs production was 

12 million m3 in 2015. MDFs are made mainly from softwoods like Norway spruce (Picea abies) and 

Scots pine (Pine sylvestris). Hardwoods like Beech (Faus sylvatica) and Oak (Quercus spec.) are 
mostly used only to a very limited extent. In general, most of MDFs are being used for furniture 

manufacturing. However, these furniture products are supposed to become waste at the end of 

their service life. If the service lifetime of furniture made of MDFs is 20 years, a large quantity of 

waste MDFs will be generated around the world. Already, Korea generated 1 million m3 of waste 

MDFs in 2015. So, recycling of waste MDF panels is very essential in managing municipal solid 

wood wastes. A way of recycling waste MDFs is to fabricate MDF panel again using recycled fibers 
from waste MDFs.

Previous attempts have been initiated to use recycled fiber to make panel products. However, 
the strength properties of the products failed to meet commercial standards (Laundrie and 

McNatt 1975; Rowell and Harrison 1992; Rowell and Lange 1994). Therefore, virgin fiber has been 
blended with recycled fiber to improve panel mechanical properties (Deppe 1985; Stokke and 
Liang 1994). Actually, using recycled fibers in the wood-based panels industry is not a fully new 
issue as comprehensive reports have been published on the subject (Michanickl 1996). To address 

the wood composite recycling issue, several methods have been developed for reconstituting 

MDF wastes into new products, including chemo-thermo-mechanical processing (Michanickl 

1996; Boehme and Michanickl 1998; Roffael et al. 2010), chemical treatment (Michanickl 1996), and 

mechanical treatments (Ye et al. 1998; Roffael et al. 2002; Czarnecki et al. 2003). They found that 

urea-formaldehyde (UF) resin can be used to produce particleboard (PB) and MDF from recycled 

materials. Wan et al. (2014) evaluated the fiber length, pH, and particle size of recycled materials 
made by steam explosion and hammer milling. Steam explosion and hammer milling reduced the 

fiber length of recycled PB, oriented strand board (OSB) and MDF material, and reported that the 
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fiber length obtained by hammer milling was longer than by steam explosion. Hwang et al. (2005) 

reported that with the addition of recycled fiber below 40%, the physical strength properties of 
fiberboard conformed to standards for class 4-service and class 5-industrial hardboard. Roffael 
et al. (2016) reported that MDF panels made with 33% of recycled fibers and UF resin significantly 
decreased the thickness swelling (TS) and water absorption (WA) and mitigated the formaldehyde 

emission (FE). Therefore, it is important to understand the performance MDF panels prepared by 

adding recycled fiber for MDF recycling. The purpose of this work is to study the properties MDF 
panels manufactured by adding different amounts of recycled fibers, and to compare different 
wood species and processing methods.

Experimental 
Materials

Virgin fibers and three types of recycled fibers were used. Virgin fibers, UF resin (60% solid) and 
emulsion wax (40% solid) were supplied from a commercial MDF mill in   Republic of Korea. 

Recycled fibers processed by refining process (Red pine species) and hammer milling process 
(Red pine and Radiata pine spesies) were obtained from Korea Forest Research Institute. Two 

sources of raw MDF panels with a density of 700 kg/m3 and 25 mm thickness were used for this 

study. One from a domestic MDF mill in Korea has been mainly made of red pine wood chips as a 

raw material, while the other one from an oversea MDF mill has been mainly made of radiate pine 

wood chips. Raw MDF panels from these two different sources were cut into pieces of 30 mm 

x 30 mm x 25 mm, using a circular saw. We employed two methods of preparing recycled fibers 
isolated from the commercial MDF pieces: 1) refiner method and 2) hammer mill method. 
In the refiner method, the MDF pieces soaked in water were treated with steam at 120°C for 30 
minutes under a pressure of 6 bars. The steam treated pieces were fed into a refiner with a plate 
diameter of 60 cm under atmospheric pressure, and then disintegrated into fibers at 1000 RPM 
with a plate gap of 1 mm. In hammer mill method, by contrast, the MDF pieces soaked in water for 

30 minutes were treated with steam at 130°C for 30 minutes under a pressure of 6 bars, and then 

went through hammer mill to obtain the hammer mill recycled fibers. And all recycled fibers were 
dried in an oven to obtain 3% of final moisture content prior to resin blending process.

Methods
Recycled MDF manufacture

A calculated amount of UF resin was sprayed onto wood fibers in a drum-type mechanical blender 
at different recycled fiber contents of 0, 5, 10, 20, 30, 50, and 100%. 12% of the resin based on the 
dry mass of fiber and 1% of emulsion wax were added. UF resin was pumped by peristaltic pump 
at 50 rpm into a drum blender through the resin nozzle. The blended fibers were formed into mats 
(300 x 400 mm) in a forming box. Finally, the pre-pressed mats were hot-pressed at 180°C and 

25 kgf/cm2 for 4 minutes to get the final thickness of 15 mm using two stop bars in the hot press.

Determination of MDF properties

Density, WA and TS of recycled MDF were measured by a standard procedure (Korean Standard 

(KS F 3200, 2006)). Internal bonding (IB) strength, modulus of rupture (MOR), modulus of elasticity 

(MOE) and screw withdrawal resistance (SWR) of recycled MDF were also measured by a standard 

procedure (Korean Standard, KS F 3200, 2006). All mechanical properties were measured using a 

universal testing machine (H50K-S, Hounsfield, UK). FE from recycled MDF was also measured by 
the standard (KS F 3200, 2006) by the 24 hours desiccator method. 

Results and discussion
The MDF panel density results showed an inconsistent relationship with the recycled fiber content, 
which could be probably due to that the fiber mats made from recycled fibers were more difficult 
to compress but easier to spring back (Hwang, 2005). 
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Figure 1 showed IB strength and MOR of MDF panels prepared. In general, IB strengths of MDFs 

made of recycled fibers prepared by the hammer mill were greater than those made of recycled 
fiber by prepared the refiner for the same wood species. The highest IB strength was found when 
the recycled fiber content in the MDF panels was 10% regardless of wood species and processing 
types for recycled fiber preparation. This is probably believed that recycled fibers are stiffer than 
virgin fibers because recycled fibers contain cured UF resin. However, a further increase in the 
recycled fibers content in the all recycled MDF decreased the IB strength. This was probably due 
to a lot of fines in the recycled fibers prepared by recycling process. Fines could increase the 
surface area of fibers, which results in lower resin coverage per unit surface area (Hwang, 2005).

MOR of MDF panels in Figure 1 also had a similar trend to the IB strength. But, the MOR made of 

recycled fibers from Radiata pine using hammer mill was greater than the counterpart of the Red 
pine. As expected, SWR values of MDFs containing different recycled fiber contents also showed 
a similar trend to the IB strength.

    

Figure 1 IB strength and MOR of MDF panels at different recycled fiber contents.

TS values of MDF decreased up to 10% recycled fiber content regardless of wood species and 
processing types. However, a further increase in the recycled fiber content in the MDF panels 
made of Red pine recycled fibers using hammer mill decreased TS value.  

Regardless of wood species and processing types, WA values of all MDFs prepared by adding 

different contents of recycled fibers were decreased up to 50% recycled fiber content, and 
increased at 100% recycle fiber content. This was probably due to the presence of cured UF resin 
in recycled fibers. As recycled fibers contain a cross-linked UF resin, MDF panel has a less water 
absorption than virgin fiber (Roffael, 2016). 

All FE values of MDF panels prepared at different recycled fiber contents were in the range of 0.15 
mg/L level (E1 grade), except a few cases. For the recycled fibers from Red pine, the FE values of 
MDF using refiner were higher than those prepared by the hammer mill. And a further increase 
the recycled fibers content in the MDF using hammer mill decreased FE values, except the 20% 
recycled fiber content. In general, the FE values of MDFs prepared by recycled fiber from Radiata 
pine were higher than those from Red pine.  
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Conclusion
This study investigated the performance of MDF panels manufactured by adding different 

amounts of recycled fibers. For the recycled fibers from Red pine, IB strength of MDFs prepared 
using hammer mill was greater than those from the counterpart of the refiner. And IB strength 
of MDFs made of Red pine recycled fibers was higher than those the counterpart of the Radiate 
pine. The highest IB strength was obtained at the 10 % recycled fiber content regardless of wood 
species and processing types. And, MOR, MOE and SWR had a similar trend to the IB strength. A 

further increase in the recycled fiber content in the MDF made of recycled fibers from Red pine 
using hammer mill decreased TS and WA value. All FE values of recycled MDF made of three 

different types of recycled fibers were in the range of E1 grade level, except a few cases. The FE 
values of MDFs made of recycled fiber from Red pine using refiner were higher than those from 
hammer mill. The FE values of MDFs made of Radiata pine were higher than those from Red pine.
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Abstract
A novel sustainable approach was explored for the preparation of nanofibers by using whole 
microalgal biomass (Scenedesmus Almeriensis) with poly(ethylene oxide) as polymer source. 

Various solvents such as acetone, methanol, chloroform, ethanol and water were examined for 

the preparation of Scenedesmus Almeriensis and poly(ethylene oxide) composite nanofibers by 
electrospinning method. Out of this, alcohols and acetone supported better formation of more 

dense uniform structured nanofibers.  Concentration variation studies using ethanol as solvent 
revealed that 10wt% of Scenedesmus Almeriensis is best for nanofiber preparation under our 
studied conditions. 

Key words: Nanofibers, Electrospinning, Microalgal biomass, Composites

Introduction
Continuous drop and environmental polluting aspects of fossil sources deviated the world to look 

for alternative sources that should be sustainable (also called as renewable) in nature [1]. Biomass 

occupies the top place in the category of renewable sources and generally, that requires land for 

cultivation. In recent years, more concentration has been given for algal biomass sources, which 

do not have competition with food crops in land issues. Microalgal biomass can be efficiently and 
productively cultivated in less space without competing with agricultural crops. Micro algae are 

found in both freshwater and salt water system and their sizes can range from a few micrometers 

(µm) to a few hundreds of micrometers depending upon their species.

‘Biorefining’ is the sustainable processing of biomass into a spectrum of marketable products 
and energy. Within this task, a broad spectrum of different bio-refinery systems are currently 
under study, some of which are already competitive in the market while others are still under 

development [2]. The term bio-products include both fuels and chemicals derived from biomass 

sources which are completely ecofriendly to nature [3, 4]. Recent studies reveled that products 

derived from sustainable sources are the best replacement for most of the on-going petroleum 

products and that can be produced in bulk to satisfy the overall world’s demand [5].  

Nanofibers are nothing but fiberic material with the diameter range from micrometer to sub 
microns (or) nanometers. This kind of modification greatly increases the specific surface area, 
flexibility in surface, functionality and mechanical performance compared to the normal form of 
the material. Electrospinning is one of the most attractive technique for nanofibers preparation 
because of its simplicity, reproducibility, cost effectiveness and scope for large variety of starting 

materials [6]. Recently, the use of biopolymers to replace the role of commercial polymers in 

nanofibers preparation methods has gained attention. 

Development of nanofibers using completely bio-sources (whole as well as isolated components) 
for specific applications are an interesting task but unfortunately it may present numerous 
limitations due to their complexed nature. In the current study, a novel attempt to use the whole 

microalgal biomass for the development of electrospun nanofibers was performed.
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Experimental
Whole Scenedesmus Almeriensis biomass was received from spain in  powdered form and 

used as such for the studies with out any fruther processing.  Poly(ethylene oxide) (average Mv 

~300,000, powder) was purchased from Sigma-Aldrich. 10wt.% of Poly(ethylene oxide)  solution 

was prepared in water medium as a stock solution for all the studies. 

Known amount whole Scenedesmus Almeriensis (SA) biomass was dispersed in known amount of 

solvent. To that different amounts of polyethylene oxide solution (PEO) was added and the total 

contents were mixed well using high-speed mixer. The obtained suspension was taken in a syringe 

and sprayed on the aluminium foil sheet folded on the collector drum in the electrospinning unit 

(Figure 1) manufactured by Tong Li Tech Co. Ltd, China. 

Figure 1.  Electrospinning unit used for this study

All the electrospinning experiments were 

performed at room temperature. The operating 

parameters used in the electrospinning study 

of SA with PEO study are given in Table 1. The 

conditions were altered as per the requirement 

to make the process more continuous. The 

morphology of the formed nanofibers was 
analyzed using Scanning electron microscope 

with transmission module (SEM-STEM SU-3500 

Hitachi-Japan) at an accelerating voltage of 5 

kV.

Table 1:  Electrospinning operational parameters

Parameters Range

Flow rate (mL/h) 1.5 to 3

Temperature (°C) 20

Operating voltage (kV) +25 (to) +20 ; -3 (to) -4

Collector distance (cm) 20

 

   

 

  

Results and discussion
In the inital study, various solvents such 

as acetone, methanol, chlorform, ethanol 

and water were used for the preparation of 

nanofibers of SA with PEO (SEM images are 
given in Figure 2). Solvents such as acetone, 

methanol and ethanol were resulted better 

formation of nanofibers that are with <200 
nm size. Also these solents supported the 

formation of uniform structrues and in some 

places due to overlapping big sized nanofibers 
were found. Though, nanofiber formation 
was observed with chlorform as solvent, no 

uniformity was found in the structures. Also the 

formed nanofibers are in the size of 560-820 nm 
that may be due to the removal of lipids from 

the biomass by chloroform. More interestingly, 

nanofiber formation was not observed with 
water solvent that suggested that water is not 

the suitable solvent for our study. 
 

Due to the better formation of nanofibers with 
small size and their advantages such as low cost 

and possibility to get them from biosources 

motivated us to choose ethanol as the solvent 

for further studies. Studies were done by 

varing the amount of PEO by following the 

pre-discussed procedure for the preparation of 

nanofibers and the SEM images of the formed 
nanofibers are given in Figure 3. The nanofibers 
formation was better with higher concentration 

of SA than lower concentration. The size of the 

nanofibers are in the range of 120-190 nm till 
10 wt.% of SA and beyond that decrease in the 

SA concentration resulted the nanofibers with 
the rang of 110-390 nm. In the case of low SA 

concentration studies, difficulty was found for 
maintaining the formed suspension of SA and 

PEO. 
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This may be due the higher viscosity of PEO that completely changed the physical properties 

which leads to precipitation of SA as separate layer while performing the electrospinning. This can 

be further proved by the increase in the size of the nanofibers with lower SA concentration that 
indicating only PEO is involved in the spinning process. These results indicated that 10 wt.% of SA 

is the better concentration for electrospinning  of whole biomass with PEO. 

 

Figure 3. Electrospun nanofibers of SA with PEO with different concentrations of SA (a) 20 wt.%, (b) 15 wt.%, (c) 10wt.%, (d) 7.5 wt.%, (e) 5 wt.%, (f) 
2.5 wt.% w.r.t. PEO.

SESSION 3-4

ELECTROSPUN NANOFIBERS USING WHOLE MICROALGAL BIOMASS: 
A NOVEL SUSTAINABLE APPROACH IN THE FIELD OF BIOBASED 
COMPOSITE MATERIALS

Figure 2. Electrospun nanofibers of SA with PEO using different solvents (a) Acetone, (b) Methanol, (c) Chlorofrom, (d) Ethanol, (e) Water. 
Conditions: 3 ml of solvent, 6.6 wt.% of SA with respect to (w.r.t) PEO.
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Conclusion
Electrospun nanofibers were successfully prepared by using whole biomass (Scenedesmus 

Almeriensis) with poly(ethylene oxide) as polymer source. Electrospinning process using ethanol 

as solvent resulted more dense uniform structured nanofibers with <200 nm size. Non-uniform 
and bigger size nanofibers were observed while using chloroform as solvent and this may be due 
the extraction of lipids from the biomass. It was found that water is not a better solvent for our 

study. Also, changes in the concentration of Scenedesmus Almeriensis having huge influence of 
nanofiber formation. Out of the concentrations studied, 10 wt.% of SA resulted better formation 
of nanofibers and further studies are in progress. 
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1. Introduction
The huge global attention about damaging effects of commercial synthetic polymers on the 

environment due to their non-renewable nature and its high use has increased in recent years, 

creating a big demand of development of eco-friendly biomass based products. Lignin, one of the 

main structural components of lignocellulosic biomass and its abundance being the second most 

abundant macromolecule in nature, can offer a large amount of organic material that could be 

used in the production of biopolymers. Lignin by itself presents some disadvantages for plastics 

production due to its rigidity, fragility and its poor film forming ability as well as difficulty during 
processing due to its high softening point (T

g
) [1]. However, its chemical structure provides high 

potential for chemical modifications. Chemical modification of hydroxyl groups like esterification 
could be the best alternative to increase its range of applications in the polymer industry area, 

lowering the glass transition point of lignin and increasing its thermoplasticity [2], highly desirable 

for current industrial polymeric processing technology. This study was focused on the isolation 

of lignin from Spruce and Eucalyptus and the synthesis of lignin-ester derivatives using a long 

aliphatic chain (12 carbons) to obtain a reduction of its softening point and make it a thermoplastic 

product, capable of being processed by press moulding. The main objective was to produce a 

fully environmental-friendly material. For that the used of cellulose acetate as reinforcement was 

aimed to provide better consistency to the final material and triethylcitrate (TEC) as plasticizer 
was used in different concentrations. The new physicochemical properties of lignin after chemical 

modification like molecular weight, hydrophobicity and thermal properties, as well as the thermal, 
mechanical and morphological behavior of elaborated composites were evaluated.

2. Experimental procedure
The lignin isolation and chemical characterization was carried out according to Gordobil et al, 2016 

[3].

2.1. Synthesis of lignin-ester derivatives
5 g of lignin was dissolved into 150 mL of DMF in a two-necked flask with a magnetic stirrer. 
Triethyl amine (7.5 mL) was added and pyridine (27.5 mL) was used as a catalyst. The reaction was 

conducted at 20 °C for 2 h. After that, the solution was poured into 5 L of 2% ice-cold hydrochloric 

acid. The precipitate was filtered and washed with excess distilled water and ethanol to remove 
unreacted fatty acids. The samples were then dried in vacuum at 35 ºC overnight. Modified lignin 
from spruce (OS

12C
) and eucalyptus (O

E12C
) were kept inside Petri dishes at room temperature. 

2.2. Composites processing
Synthesized lignin-ester derivatives were manually blended with commercial cellulose acetate 

at different concentrations (5, 10, 25, 50%) with a stainless rod, using a silicone mould in a water 

bath at 50 ºC for composites with OE12C and at 80 ºC for composites with OS12C. For OS12C 

composites elaboration a plasticizer was needed to allow its processing, triethyl citrate (TEC) was 

used for this purpose at 5% and 10% of the total weight of components as it is a good biobased 

plasticizer. Compression moulding was used for composites processing.  Blends were placed 

between stainless plates coated by Teflon and then placed in the press which was preheated to 
40 ºC. Blends were hot-pressed readily at 5-7 bar for 3 minutes after which they were cooled to 

room temperature.
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2.3. Characterization
FTIR, GPC and DSC techniques were used to conform the chemical modification of lignin samples. 
In the case of elaborated composites, thermal, mechanical and morphological analyses were 

performed.

3. Results and discussion
FTIR spectra (Figure 1) of lignin-ester derivatives confirmed that the esterification process was 
successful at studied conditions. This modification is highlighted for its short period of time at 
room temperature. Chemically modified lignins showed that the signal around 3400 cm−1 which 

corresponds to O-H stretching vibrations in aromatic and aliphatic hydroxyl groups was reduced 

and the appearance of two new peaks around 1740 cm−1 and 1760 cm−1 are clearly seen. They 

are assigned to aliphatic and aromatic ester bonds, respectively. The intense increase of peaks 

at 2930 cm−1 and 2840 cm−1 are assigned to long chain alkyl groups (aliphatic carbon) which are 

present in fatty acid chloride [4]. 

  
Fig. 1. FTIR spectra of isolated and esterified lignins, (a) organosolv spruce lignin (OS) and (b) organosolv eucalyptus lignin (OE).

Moreover, chemically modified lignins presented some different properties compared to isolated 
ones such as molecular weight properties, thermal behavior, hydrophobicity as well as its physical 

appearance. After esterification of lignins with lauroyl chloride, a significant increase in M
w
 can be 

observed as it was expected (Table 1).  This demonstrated that fatty acid has been successfully 

grafted to lignin samples. It is well known that the weight average should increase when lignin 

is modified with ester groups; also the molecular weight increase as the length of the ester 
substituent is increased [5]. 

Table 1. Weight average (Mw), number average (Mn) and polydispersity index (Mw/Mn).

M
n

M
w

PDI

OE 1498 9490 6.3

OE
12C

3364 21569 6.4

OS 896 3124 3.5

OS
12C

5363 24601 4.6
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T
g
 values for isolated lignins were 116.5 ºC for OE and 122.7 for OS, as was demonstrated in a 

previous work [3]. However, lignin-ester derivatives presented an interesting change in its thermal 

behavior. Figure 2 shows the obtained thermograms for both lignin-ester derivatives. For OE
12C

, 

the modification generated a great reduction of the glass transition temperature, which began to 
soften at temperatures below room temperature (10.5 ºC) due to the internal plasticizing effect 

of the introduced ester groups. However, OS12C did not show the same behavior. In this case, a 

clear endothermic peak at 38.5 ºC was observed. This endothermic peak is associated with the 

glass transition temperature of the material, which is usually presented as endothermic peak due 

to enthalpy relaxation. This usually happens when the sample has been stored under the glass 

transition temperature for a “long time”.

Fig. 2. DSC thermograms of lignin-ester derivatives.

Synthesized lignin-ester derivatives presented more stable profiles at the beginning as they do 
not show any weight loss due to moisture, confirming that they expressed less affinity for water 
and higher hydrophobicity than isolated lignin samples. However, thermal stability of lignins 

decreased after chemical modification. The initial degradation temperature (T
5%

) was lower with 

184.0 ºC for OE
12C

 and 188.5 ºC for OS
12C

 while both isolated lignin samples began to degrade around 

260 ºC. Moreover, two degradation steps were observed for both samples. The first one occurred 
at around 200 ºC being more noticeable for OS

12C
 and the second one was between 350-400 ºC 

(see Table 2). The first weight loss is associated with the cleavage of the C-O bond present in the 
ester linkage and the consequent loss of the introduced long aliphatic chain. About elaborated 

composites made from OE
12

, in general a slight improvement on initial degradation temperature 

was observed as the acetate cellulose content increased. However, a small reduction of the 

main degradation step was found. No clear evidence on the trend of the degradation step which 

occurred between 180-250 ºC was observed. Although it could not be tested mechanically, OS
12C

 

composites were prepared in the absence of plasticizer in order to study the influence of the 
plasticizer on thermal behavior of the material (data not shown). The results showed that TEC 

had important influence on thermal degradation profile creating a small reduction on both initial 
degradation temperature and the main degradation temperature at higher contents. In any case, 

the same trend as the OE
12C

 composites was noticed; the cellulose acetate content increased the 
temperature of the degradation step which happened around 200 ºC. Furthermore, in both cases, 

the cellulose content involved a small reduction of the main degradation step. On the other hand, 

esterified lignin as well as composites exhibited higher weight loss than original lignins due to the 
lower phenolic OH group contents in its structure. The char residue was 15-20% OE

12C
 and 20-27% 

for OS
12C

 and its composites respectively, while isolated lignins remained over 40%.
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Table 2. Thermal degradation temperatures and char residue characteristics of isolated lignins, esterified lignins and elaborated composites.

T
5%

T
max

Residue at 800ºC

OE 261.6 ---- 353.4 40.8

OE
12C

184.0 180-250 370.4 18.2

OE
12C

 5% 183.9 180-250 363.2 17.5

OE
12C

 10% 187.9 180-250 357.3 17.1

OE
12C

 25% 192.6 180-250 356.2 18.1

OE
12C

 50% 187.6 180-250 361.2 16.2

OS 257.8 ---- 385.8 48.7

OS
12C

188.5 216.2 393.1 26.6

OS
12C

 5% (5% TEC) 184.7 214.1 383.6 25.2

OS
12C

 25% (5% TEC) 185.1 217.2 368.6 22.0

OS
12C

 5% (10% TEC) 179.3 207.6 381.3 24.7

OS
12C

 25% (10% TEC) 182.8 216.4 367.6 20.9

Figure 3 shows the most representative SEM images where it could be observed some morphology 

differences between composites. In the case of composites made from OE
12C

 as matrix and different 

cellulose content (5% and 25%), it was observed a homogeneous and smooth surface, in which an 

even dispersion of cellulose acetate in the matrix is noticed. Cellulose acetate is presented both 

as fibers with diameters around 10 µm as well as particles with lower sizes. On the other hand, 
composites elaborated with OS

12C
 presented a completely different morphology that does not 

correspond to the usual morphology of melted plastic materials. Composites with 5% TEC content 

showed a non-continuous and rough surface. This suggests that although the material has visual 

aspect of a softened material, at microscale it can be observed that this process did not take 

place. However, the increase of TEC content to 10% caused a higher softening of the material at 

processing temperature, which is clearly noticeable on surface roughness. The porous structure 

was reduced in composites with 10% TEC when compared to 5% TEC composites and is more 

similar to those of OE
12C

 as matrix obtaining a material with a smoother surface. 

  

  
Fig.7. SEM micrographs of composites.
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Mechanical properties of the elaborated composite materials were characterized using tensile 

testing at room temperature. The studied composites clearly showed a thermoplastic behavior 

and the cellulose acetate content into the material had an important influence on it, probably 
due to an appropriate dispersion of fibers and good compatibility between synthesized lignin-
ester derivatives and cellulose acetate which both have a hydrophobic character. Young modulus 

and tensile strength of elaborated composites increased with the increase of cellulose acetate 

content, confirming the high reinforcement potential of the cellulose fibers. High differences 
on mechanical behavior between composites were found. In case of composites made with 

OE
12C

 as matrix and different contents of cellulose acetate, very high elongation at break (up to 

~130%) could be observed, but it was decreasing (up to ~5%) as the cellulose acetate content 

increased. Although, low elongations at break are usually related to properties such as stiffness 

and fragility, in this case OE
12C

 50% maintained its malleability without being brittle. With regard 

to composites elaborated with OS
12C

, different percentages of cellulose acetate and TEC as 

plasticizer, is remarkable the higher strength and stiffness of composites with tensile strength and 

young modulus values larger than composites made from OE
12C

. However, lower elongations at 

break values were noticed. Moreover, the addition of TEC also presented an important influence, 
showing higher tensile strength and Young modulus values at lower TEC contents. 

Table 3. Average values of tensile strength, elongation at break and Young modulus of composites.

σ (KPa) ε (%) E (MPa)

OE
12C

 5% 136.3 ± 27.8 129.2 ± 16.8 2.8 ± 0.6

OE
12C

 10% 185.5 ± 11.9 98.2 ± 20.7 6.5 ± 1.2

OE
12C

 25% 424.0 ± 18.1 54.1 ± 9.6 13.4 ± 1.3

OE
12C

 50% 906.8 ± 19.9 4.8 ± 1.6 47.8 ± 1.2

5% TEC

OS
12C

 5% 707.0 ± 57.0 1.5 ± 0.2 53.7 ± 9.4

OS
12C

 10% 968.5 ± 36.2 1.0 ± 0.4 86.1 ± 5.9

OS
12C

 25%  1429.0 ± 74.0 1.6 ± 0.3 111.9 ± 7.6

10% TEC 

OS
12C

 5% 317.0 ± 57.9 1.7 ± 0.1 57.3 ± 1.4

OS
12C

 10% 756.2 ± 30.8 6.0 ± 1.3 45.1 ± 4.3

OS
12C

 25% 946.8 ± 51.2 4.0 ± 1.1 47.1 ± 4.1

   

Conclusions
The esterification process at studied conditions was successful to synthesize lignin-ester 
derivatives to be used as matrix for composites elaboration. Chemically modified lignins showed 
a significant decrease of glass transition temperature. The thermal degradation temperature 
was far from the temperature at which the material can be processed, making them a suitable 

product to use as thermoplastic matrix. The addition of cellulose and also the plasticizer improve 

their ability to be manipulated and processed.  The use of TEC as plasticizer generated a small 

reduction of thermal stability. Appearance differences between different composites as well as 

stiffness and brittleness were visually appreciable. Reinforced OS
12C

 composites showed the most 

rigid and tough behavior as well as brittleness. However, OE
12C

 composites exhibited higher ability 

to deform. In both cases, the reinforcement potential of cellulose acetate was demonstrated, 

suggesting that the final properties of the material were less dependent on the cellulose acetate 
content and more dependent on the lignin intrinsic characteristics.
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Abstract 
In this work pellets and tubular blown films were developed from potato starch plasticized with 
a bio-based viscous black liquid obtained through solvolysis of corn stover. The methodology of 

the experimental study encompassed the evaluation of premixes, blends, pellets and tubular films 
elaborated. The black liquid was mixed at room temperature with starch at different compositions, 

obtaining premixes capable of being processed in a torque rheometer under certain conditions 

of temperature and time and at constant rotational speed. Starch-glycerol blends were used 

as control samples. From the results obtained (maximum torque, stickiness) the most suitable 

composition and its optimum processing conditions were chosen for upscaling to pilot level. At 

pilot scale, pellets of the selected materials were obtained by extrusion processes, and then used 

in a film blowing machine to obtain bio-based films. Tensile properties of the final products were 
measured. This study allowed identifying processing parameters to obtain pellets and films at a 
pilot scale (140 °C, 90 rpm), and to determine the mechanical performance of the final products 
under tensile solicitations. Therefore, the results confirmed that bio-based plasticizer is able to 
provide the native starch with suitable properties to transform it into pellets and tubular blown 

films.

Introduction 
Agricultural residues are discarded or burned for energy purposes in most cases. Nevertheless, 

this kind of biomass can be processed to obtain products with high added value under a green 

chemistry concept, showing good perspectives as feedstock for polymer and biomaterial 

production [1]. In that sense, agricultural residues represent a renewable, cheap and abundant 

source of raw materials for multiple purposes. One possible way to generate these high added 

value polymeric products from agricultural residues is the solvolysis, a chemical conversion 

method that allows to process high amounts of biomass to obtain a highly reactive liquid product 

[2], with suitable features used commonly as precursor for polymer synthesis [3].

Our recent laboratory studies have revealed that by the solvolysis of milled corn stover, using 

glycerol and PEG as solvent, it is possible to produce a viscous liquid that can act as a plasticizer 

for potato native starch to prepare films by casting technique [4], which could be subjected to 
polymer processing equipment with a view of developing biomaterials and bio-products. In that 

sense, this work aims evaluating the technical viability of using starch and solvolysis product of 

corn stover to generate thermoplastic pellets and films at pilot scale.

Experimental 
Solvolysis: The solvolysis reaction was carried out in a 250 mL neck flask reactor equipped with 
mechanical stirrer, temperature control and condenser. A ratio of 0.10-0.4 of corn stover/solvolysis 

solvent (w/v) was selected for the experiments with the raw material. The experiment conditions 

(temperature, time and mass/solvent ratio) were selected according to adequate values found in 

previously published studies for several lignocellulosic agro-industrial wastes with similar physic-

chemical composition [3, 4]. The mixture of polyethylene-glycol and glycerol was placed into a 

reactor, then the oven dried corn stover was gradually added under stirring and was held at this 

temperature during the reaction time (fig. 1.a). After a preset time, the flask was immersed in cold 
water to quench the reaction. The resultant dilution was filtered to separate the solid residue from 
the liquid fraction (fig	1.b).
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Figure 1. Bio-based pellets and films obtained from agro-industrial materials. (a) Solvolysis process. (b) Bio-based plasticizer. (c) 70A30L pellets. 

(d) Control pellets. (e) Extrusion process of 70A30L films. (f) Extrusion process of control films.

Torque rheometry: In order to identify the optimal composition and processing conditions to 

obtain thermoplastic starch from the solvolysis product used as plasticizer and native potato 

starch (Agridient ®), maximum torque and specific mixing energy of the samples were studied 
with a Brabender Gmbh Y Co Kg mixer, model EC Plus 815653. The considered blends were 

composed by different starch(S)/plasticizer ratios: 60/40, 70/30 and 85/15, where the plasticizer 

was the solvolysis product (L) and glycerol (G) as control sample. Three conditions were evaluated: 

(a) 100°C, 10 min; (b) 120 °C, 5.5 min and (c) 140 °C, 7 min; at a constant screw speed of 60 rpm. 

Pellets and films extrusion: 70/30 blends with 15% moisture content were prepared and fed into 
a Labtech Engineering co-rotating screws extruder, model LTE 26 – 40 with an L/D ratio of 26:1 

and a 40 mm diameter die-nozzle. Barrel temperature in the transition zone was 120 °C and the 

screw speed was 60 rpm. Pellets were tubular into a LabTech Engineering Co. LTD multilayer 

extruder, model LF250, with an L/D ratio of 32:1, a 20 mm diameter die-nozzle, a stack die with a 

die diameter of 50 mm and a die gap of 2.5 mm. The processing temperature was 140 °C and the 

screw speed was 90 rpm. The processes were carried at a 2.10 Blow-up ratio (BUR). The tubular 

films were stored for further analysis in plastic bags at 23 °C and 50% relative humidity.

Tensile tests: A Karg Industrietechnik universal test machine, model smarTens 005, with a 1 kN 

load cell was used to determine the mechanical properties of the extruded and tubular films. Test 
specimens were prepared according to D 882 (ASTM, 2012) [5]. Five repetitions of each assay were 

measured. The initial distance of separation and velocity were adjusted to 100 mm and 50 mm/

min, respectively. The properties evaluated were ultimate strength and elongation at break.

Results and discussion 
Optimum composition and processing conditions.
The different compositions of starch/plasticizer were consider for mixing processes in a torque 

rheometer equipment in order to select the optimal processing conditions for the most suitable 

proportion of starch(S)/solvolysis product(L) for extrusion trials. For comparison purposes, control 

samples are constituted of starch(S)/glycerol(G) at the same proportions. 

60S40L composition: 

The high content of plasticizer caused the material was difficult to handle, being excessively sticky 
and impossible to feed in the equipment. Due to the difficult material handling, this composition 
was not evaluated for this investigation.
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70S30L composition:

Maximum torque and specific mixing energy are reported in Table 1. The 70S30L sample showed 
lower torque and energy than the control sample, suggesting that the solvolysis product acts a 

better plasticizer for the native starch than the glycerol [6]. Maximum torque for 70S3L represents 

approx. 40% of the value reported for the control samples, while the specific energy was reduced 
up to 12% by using the bio-based liquid as additive instead of glycerol. Therefore, for the same 

processing parameters, torque and energy is reduced by adding the solvolysis product of corn 

stover to potato starch instead of glycerol. 

Table 1. Maximum torque and specific energy results for the evaluated samples.

Sample Condition Maximum torque (Nm) Specific	energy	(kNm/kg)

70S30L

(a) 7.7 ± 0.3 260.6 ± 27.3

(b) 8.2 ± 0.2 121.8 ± 6.8

(c) 7.2 ± 1.2 101.4 ± 17.8

70S30G

(a) 17.2 ± 2.2 628.6 ± 55.9

(b) 18.1 ± 1.0 594.1 ± 105.8

(c) 20.1 ± 1.2 865.8 ± 90.2

85S15L

(a) 2.9 ± 2.9 102.3 ± 93.1

(b)

84.0 2349.2

91.1 1145.6

(c) 80.7 1929.0

Notation: (a) 100 °C, 10 min; (b) 120 °C, 5.5 min; (c) 140 °C, 7 min. Screw rotation speed: 60 rpm.

In general, for this composition the maximum torque remained constant despite the testing 

conditions, while the standard deviation made impossible to determine a clear tendency for the 

specific energy. However, the 70S30L(b) sample showed a lower specific energy than 70S30L(a), 
and was less sticky at tact than the 70S30L(c) sample, which could be due to migration of 

plasticizer or to an excess of energy at the higher temperature (greater mobility combined with 

low molecular weight species). It is important for the selected material to be the less sticky and 

auto-adherent as possible, in order to facilitate its feeding into the equipment, as well as its 

extraction. It was considered that (b) corresponded to the optimal processing condition, being 

relevant to adjust a suitable and optimal temperature profile. 

85S15L composition:

The sample 85S15L showed a complex behavior during mixing and melting. Results are reported in 

Table 1. A low torque was registered for 85S15L(a), together with the extracted material was dried 

powder, the results suggest that not being able plasticized material was not able to merge, which 

would prevent material processing. This was attributed to the low percentage of plasticizer used 

for these compositions. Therefore, condition (a) was discarded. The 85S15L(b) sample exhibited 

high values of maximum torque and mixing energy: approx. 10 and up to 20 times, respectively, of 

the values observed for the 70/30 samples evaluated under the same conditions, due to the low 

percentage of plasticizer additive used. A similar behavior was observed for 85S15L(c), attributed 

to the same causes. Both materials were hard to extract from the equipment, so repetitions were 

discarded. No fusion was observed for the control samples tested at conditions (b) and (c).

Finally, the 70/30 material processed at 120 °C and 60 rpm during 5.5 mins was found to be the 

most suitable thermoplastic starch for pilot scale tests.
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Thermoplastic	starch	pellets	and	films.
The extrusion process produces pellets that can be used in forming parts and shapes, such as 

extrusion of blown tubular films. The extrusion processes allowed transforming potato starch and 
the correspondent plasticizer into thermoplastic starch, through shear and a suitable temperature 

profile. 

The selected blends were fed into a twin screw extruder to form the thermoplastic starch pellets. 

The 70S30L pellets obtained were dark brown (fig.	1.c), while control pellets were white (fig.	1.d). 

Pellets were able to pass through a sieve No. 4 (4.75 mm) but were retained by a No. 10 sieve (2.00 

mm), where less than 5% has a diameter inferior to 2 mm. The pellet production rate was 6.1 kg/h. 

It is considered that an automated winding with cooling system without water could allow the 

use of higher screw and feeding speeds, increasing the production rate of extrusion pellets. The 

use of larger equipment and processing capacity would also increase the production rate. The 

pellets were dried in an oven at 40 ° C for 3 h. Final pellets were easily handled and were not sticky, 

allowing using them for film blowing extrusion process.

The films obtained from the extrusion of 70S30L pellets were dark brown, while 70S30G films 
were white (fig. 1.e and 1.f). Both films had adhesion after processing, especially the control 
films. The films were stabilized at room temperature for 24 hours, which eliminated the adhesion 
of the 70S30L samples and reduced that of the control sample. The adhesion of the samples 

could be caused by high temperatures of extrusion, possibly leading to plasticizer migration or 

by an insufficient cooling quality. For 70S30G, part of the film was discarded because the inner 
surfaces of the film joined to each other. Films with solvolysis product showed a more uniform 
and homogeneous appearance than 70S30G films. However, in almost all their extension, both 
products showed visible defects: in 70S30L films, wrinkles and points of unmelted material were 
observed, while in control films the same defects were detected, in addition to the presence of 
bubbles. It is suggested to check the temperature profile in detail and incorporate processing aids 
and antiblock additives to reduce defects in the films.

Tensile	properties	of	the	thermoplastic	starch	films.
The 70S30L and 70S30G films were used for tensile test. The results for ultimate strength and 
elongation at break are shown in Table 2. The ultimate strength for the 70S30L sample was 

slightly lower than that observed for the control samples; this was attributed to the solvolysis 
product that may perform as a plasticizer: softening the structure by increasing the mobility of 

the starch’s macromolecules. The crystallinity of the starch may be reduced as a better plasticizer 

is added to the matrix, resulting in lower values of tensile stress due to a probable increase of the 

amorphous regions of the material (which can be analyzed through X-Ray diffraction in further 

studies). However, the standard deviation does not allow making a determinant conclusion about 

the ultimate tensile strength in this case.

Table 2. Ultimate strength and elongation at break of thermoplastic starch.

Material Tested orientation* Ultimate strength (MPa) Elongation at break (%)

70S30L MD 2,15 ± 0,17 72 ± 4

TD 2,27 ± 0,14 44 ± 5

70S30G MD 2,46 ± 0,34 59 ± 15

TD 2,35 ± 0,10 56 ± 8

Consulted Bibliography - 2.31±0.45(1);
2,1(3a);
0,9(3b)

81(2);
87,2(3a); 
90,7(3b)

*MD: Machine direction; TD: Transverse Direction.
(1) Rodríguez et al. 2013. Sample: Control. Method: film blowing. [7]
(2) Ruiz et al. 2006. Sample: 67A24G9A. Method: film extrusion with torque rheometer. [8]
(3a) Pushpadass et al. 2009. Sample: 1. Method: film extrusion. [9]
(3b) Pushpadass et al. 2009. Sample: 4 Method: film extrusion. [9]
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The 70S30L samples showed a higher elongation capacity by a higher percentage of elongation at 

break than the control samples in the MD orientation, an increase of approximately 40% when using 

the bio-based additive instead of glycerol, suggesting that the viscous liquid is a better plasticizer 

for the starch than the glycerol. The difference between the MD and TD orientations indicate that 

the solvolysis product of corn stover reduces the anisotropy of the material, which doesn´t occur 

when the starch is plasticized with glycerol. Results for 70S30L were similar to those reported in 

the consulted bibliography, despite the differences in composition and processing methods. [7], 

[8], [9] 

Considering the standard deviations, the ultimate strength of 70S30L was close to that of 70S30G, 

independently to the tested orientation. The results imply that both materials have similar tensile 

resistance, since the ultimate strength represents the maximum tensile stress for a material 

[10]. The 70S30L sample exhibited a similar mechanical behavior to the control, reaching a lower 

elongation in the TD orientation but higher elongation at break in the MD direction. The observed 

results suggest that the liquid obtained by solvolysis is capable to improve the mechanical 

performance of the material in its predominant orientation direction, without weakening its 

tensile resistance. 

Nevertheless, it is noteworthy that the mechanical results depend on the quality of the samples 

(less defects results in a better performance) [5] and processing conditions of films. This implies 
that mechanical properties of the evaluated materials may be improved in future studies by 

optimizing processing conditions.

Conclusions 
The black liquid obtained through solvolysis of corn stover demonstrated its potential to act as 

a plasticizer for native potato starch. Pellets and films of thermoplastic starch were obtained by 
extrusion processes at pilot scale. The pellets were easily handled, allowing feeding them in a 

blown film extrusion machine. The black liquid was capable to increase the elongation at break 
of the thermoplastic film in its predominant orientation direction, without weakening the tensile 
resistance to break. It is considered that the pilot extrusion of pellets and tubular films based on 
potato starch and solvolysis product from corn stover was successful. The technical feasibility of the 

processes studied was proven through pilot processing methods and mechanical characterization. 

The results obtained in this work support the interest in pursuing the development of novel and 

low cost bio-based composites as an alternative to petroleum derived materials.
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Abstract
The impregnation has been tested for the incorporation of active compounds into biopolymer 

materials for antimicrobial food packaging. In this work, cinnamaldehyde (Ci) a natural compound, 

with proved antimicrobial activity, was impregnated on poly (lactic acid) (PLA) using supercritical 

carbon dioxide (scCO
2
). Impregnation experiments were carried out at different pressures (9 and 

12 MPa) and depressurization rates (0,1; 1 and 10 MPa min-1)  in a high-pressure cell  at constant 

temperature (40 °C). The aim of this work was to study the effect of different conditions of 

supercritical solvent impregnation method on plastic materials properties. Results showed that all 

the studied conditions permitted to impregnate cinnamaldehyde, at concentrations between 8 to 

13 % w/w. Characterization of films revealed modifications in thermal, structural and mechanical 
properties of impregnate biopolymer films. 

1. Introduction
In the last decades, there has been an increasing interest in the development of renewable materials 

with biodegradable properties in an attempt to contribute to the sustainable development and 

to reduce the environmental impact associated with petroleum-based plastics [1,2]. Poly (lactic 

acid) (PLA) is one of the most important commercially available bio-based and biodegradable 

thermoplastic polyesters [3,4]. On the other hand, during the last years the research on the 

development of active materials with antimicrobial and antioxidant properties has increased with 

the purpose to protect food from oxidative reactions and microbial growth [5]. Active packaging 

is an innovative concept where package, product and environment interact in order to prolong 

the shelf life or enhance safety and/or sensory properties; meanwhile the quality of the products 
is maintained [6]. Cinnamaldehyde is a yellow oily liquid with a cinnamon odor and sweet taste. 

From a long time ago, cinnamaldehyde has been used as a flavoring agent in chewing gums, ice 
creams, candies, beverages, and sweets [10, 11]. Cinnamaldehyde is an active inhibitor of bacterial, 

yeast and filamentous growth [12-18] As consequence, cinnamaldehyde and its derivatives 
were screened against several pathogenic fungi and results showed these compounds possess 

potential antifungal activity against several fungal isolates. On the other hand, there are several 

techniques for incorporating additives or active substance in plastic films. One of the most used in 
the packaging industry is the extrusion process [19-21]. However, this process has disadvantages, 

such as the possible volatilization or degradation of the active agent(s) because of the high 

temperature values used during the plastic processing [22]. Casting techniques allow working at 

relatively low temperatures, but it is impractical for commercial scale production [23]. Furthermore, 

the impregnation technique with supercritical solvent impregnation (SSI) has taken great force in 

recent years, because it offers important advantages as controlling the solvent power of the fluid 
by small changes in pressure and temperature and also avoids the use of organic solvents [24,25].
 

In this way, the main goal of this work was the development and characterization of active 

biodegradable PLA based films impregnated with cinnamaldehyde at different process conditions 
to be used for food packaging. 
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2. Materials and Methods.
2.1 Materials.
Poly(lactic acid) (PLA), 2003D (specific gravity ¼ 1.24; MFR g/10min (210°C, 2.16 kg)), was purchased 
as powder from Natureworks® Co., Minnetonka (USA). Merk (Darmastadt, Germany) supplied 

absolute ethanol (99.9 % HPLC grade).  Cinnamaldehyde (≥99.5%) was purchased by Aldrich® 
Chemistry (St. Louis, MO, USA). Methanol, ethanol and acetonitrile HPLC grade were supplied by 

Merck. Carbon dioxide was supplied by Linde (Santiago, Chile).

2.2 Preparation of active materials PLA/cinnamaldehyde.
2.2.1 Extrusion of PLA films
Dry PLA powder (for 24 h) was melt-extruded through a 20 mm co-rotating laboratory twin-

screw extruder Scientific Labtech LTE20 (Samutprakarn, Thailand). The screw speed and the feed 
were fixed at 30 rpm, and the films were collected in a chill roll attachment Labtech LBCR-150 
(Samutprakarn, Thailand) at 1.8 rpm. 

2.2.2 Supercritical fluid impregnation of PLA films
The supercritical impregnation process was carried out according to the procedure proposed in 

Torres et al 2014 [22]. The experiments were carried out at two pressures (9 and 12 MPa) and three 

depressurization rates (0.1; 1 and 10 MPa min-1), in order to achieve the equilibrium conditions. 
Characterization of impregnated PLA films.

2.3.1 Quantification of cinnamaldehyde in PLA film
The effective concentration of cinnamaldehyde in the films was determined after each 
impregnation process supercritical, in order to determine the amount of cinnamaldehyde 

incorporated into the polymer under the different conditions of impregnation. The analysis was 

performed using a method of dissolution and precipitation of the modified polymer [24].

2.3.2 Attenuated total reflectance Fourier transforms infrared (ATR-FTIR) spectroscopy
FTIR spectra of different films were recorded using a Bruker Alpha spectrometer (Wismar, Germany) 
equipped with an attenuated total reflexion diamond crystal accessory (Bruker, Platinium). The 
spectra were obtained with a resolution of 4 cm–1 in a wave number range from 4000 to 400 cm−1 

with 100 scans. The spectra analysis was performed using OPUS Software Version 7.

2.3.3 Thermal properties

Thermal properties of the materials were analyzed using a Differential Scanning Calorimeter 

Mettler Toledo DSC-822e (Schwerzenbach, Switzerland) in order to analyze the effects of the 

SSI conditions and the incorporation of cinnamaldehyde on PLA matrix thermal properties. 

Thermograms were obtained from 25 to 200 °C with 10 °C min-1 heating rate, cooling to 25 °C, and 

a second heating process to 200 °C. The sample weight was about 8-10 mg [27, 28].  

3. Results and discussion. 
3.1. Incorporation of active compound by impregnation with dense CO2
Results showed the addition of cinnamaldehyde in the polymer matrix of the PLA was independent 

of pressure and depressurization rates used. Values of the active incorporation at different 

conditions were not significant statistical, being in a range of 8 to 13% w/w approximately. It was 
already observed in previous studies that due to the higher predominance of the interactions 

between active compound and polymer matrix as the solvent power of CO
2
 are reduced during its 

slow release outside; impregnation facilitated its stabilization into the polymers [28].

3.2. Fourier transform infrared (FTIR) spectroscopy
Figure 1 shows the FTIR spectra of the PLA neat and impregnated films. The more features 
for PLA neat are peaks at 2944 – 2994 cm-1 attributed to symmetrical and asymmetrical bond 

stretching –CH– of the group –CH3, also detected peak at about 1747 cm-1 could be attributed to 

C=O stretching, while the three bands visible in the range 1300 – 1500 cm-1 may be assigned to 

symmetric and asymmetric deformational vibrations of C–H present in CH3 of PLA [32]. The peak 

at 1181 cm-1 can be attributed to C–O–C stretching of PLA [33]. Two bands related to the crystalline 
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and amorphous phases of PLA were found at 868 cm-1 and 756 cm-1, the peak at 868 cm-1 can be 

assigned to the amorphous and phase and the peak at 756 cm-1 to the crystalline phase [34]. In the 

figure is possible to observe a new peak near at 1600 – 1700 cm-1 attributed to vibrations of the 

aromatic ring and to the aldehyde group of cinnamaldehyde [7], so that the compound active was 

effectively impregnated into the films.  

 

Figure 1. FTIR spectra films: (i) PLA neat; (ii) PLA/scCO2 (9MPa; 0,1 MPa min-1) ; and (iii) PLA/scCO2/Ci (9MPa; 0,1 MPa min-1)

3.3. Thermal Properties 

Thermal properties results of impregnated materials are reported in Table 1. T
g
 is associated 

with changes in the amorphous region of PLA and is dependent upon the mobility of its chains, 

Tm is determined by transition of the crystalline regions, and Tcc is the transition process from 

amorphous to crystalline states, where the molecules may obtain at a certain stage, sufficient 
freedom of motion in order to arrange themselves into a crystalline form in a spontaneous manner 

[35]. The supercritical impregnation process implied a small plasticizing effect of PLA that was 

greatly accentuated when cinnamadehyde was incorporated. It was observed that the glass 

transition temperature (Tg) was in a range between 10 and 30 ºC for active impregnated films, 
considerably low temperatures compared to untreated polymer (about 67% lower).

According to Ramos et al. [36] this could be attributed to the plasticizing effect of essential oil 

and, as a result, an increase in mobility of polymer chains, which improved the flexibility and 
ductility of PLA films. 

4. Conclusions 
Cinnamaldehyde was incorporated into the polymer matrix of PLA by supercritical impregnation. 

At the conditions used in this research, the incorporation was not influenced by pressure or 
depressurization rate conditions. The thermal properties of PLA are affected by the presence of 

active compound, lowering its temperature; glass transition, crystallization and melting of the 
polymer. 

5. Acknowledgements 
The authors are grateful to the National Commission for Scientific and Technological Research, CONICYT, 
for its financial support from the National Doctoral Scholarship (grant number 151449), the National Fund for 
Scientific and Technological Development FONDECYT Project (grant number 11140404).



99 

Table  2. Thermal properties of PLA  films with and without cinnamaldehyde (Ci)  impregnation.
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Abstract
In this study, the adhesive forces acting between wood and compatibiliser system in wood plastic 

composites (WPCs) were investigated with chemical force microscopy (CFM) and correlated to 

the tensile strength of WPCs blended with three compatibilisers. Ethylene vinyl co-alcohol (EVOH) 

as compatibiliser proved to be very sensitive to its binding sites on the wood surface, whereas 

polyethylene-graft-maleic anhydride (PE-g-MA) and degraded LDPE (dPE) compatibilisers were 

less sensitive to the wood species. Composites containing dPE as compatibiliser had the highest 

tensile strength for all the WPCs, followed by composites containing PE-g-MA and EVOH as 

compatibiliser. The highest correlation between adhesive force determined on molecular scale 

and macroscopic tensile strength occurred in composites containing PE-g-MA as compatibiliser 

and the lowest correlation was found in composites containing EVOH. The study found that it is 

possible to link the tensile strength of WPCs to the adhesive forces acting between the composite 

components. The results further showed the feasibility of using the studied invasive alien plants 

for the production of WPCs as well as the potential of using a newly developed compatibiliser 

made from degraded LDPE. 

Keywords
Wood plastic composites, adhesive forces, chemical force microscopy, compatibiliser, tensile 

strength

1 Introduction
In recent years, the interest in using natural fibres like wood and others as reinforcement in 
polymer matrices has grown for making low cost building materials, automobile components and 

other biomedical applications [1]. The combination of a plastic matrix and reinforcing fibres has 
given rise to composites having the best properties of each component, which depends largely 

on their interfacial compatibility [2]. In wood-plastic composites (WPCs), wood is included into 

a polymer matrix thereby improving the strength properties while making more efficient use of 
the wood resource. WPCs are a group of materials mostly used for deckings, claddings, window 

frames, furniture, consumer goods and conversion parts for the automotive industry [3].

The interaction between the fibre and matrix is one of the determining factors for the formation 
of composites. However, poor fibre-matrix interfacial adhesion results from the incompatibility 
between polar wood fibres and non-polar polymers and therefore a compatibiliser is often 
introduced to improve the interfacial bonding between the two different phases [4-5]. 

The polymer matrix of WPCs consists mostly of low density polyethylene (LDPE) or other 

polyolefins, which can be obtained from recycled plastic and therefore be regarded as an 
environmentally friendly material source. In South Africa, invasive alien plants (IAPs) are posing 

serious and direct threat to biodiversity, water security, ecological functioning of natural systems 

and the productive use of land [6]. Some of these species need to be cleared from public land 

and are therefore regarded as waste materials, which in turn could become an environmentally 

friendly raw material for the production of WPCs. 

There are many analytical methods that can be used to study the microscopic and macroscopic 

mechanical, physical and chemical properties of WPCs. One of these methods is Chemical Force 

Microscopy (CFM), which is an extension of the Atomic Force Microscopy (AFM), in which the tip 

is modified with specific terminating functional groups to provide information about the chemical 
composition of the surface [7-8]. CFM can therefore be used to analyse and quantify the chemical 

interactions between the different components in WPCs on a molecular scale, which could help 

to explain the macroscopic mechanical properties of the composite material. AFM has become 

a powerful technique to study surface properties at the nanoscale making it the most important 

technique in the scanning probe microscopy family [9].
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In this study, the adhesive forces between AFM tips coated with different compatibilisers and 

various wood surfaces were investigated. Additionally, the tensile strength of WPCs made from 

different wood species, low density polyethylene (LDPE) and the three compatibilisers were 

examined. The adhesive forces determined on a molecular scale were then correlated to the 

macroscopic tensile strength of the WPCs in order to understand possible differences in the 

mechanical properties of the WPCs.
 

2 Materials & Methods
LDPE (Sasol Polymers, MFI 65g/10min) was used as matrix polymer. The compatibilisers were 

Ethylene vinyl co-alcohol (EVOH), Polyethylene-graft-maleic anhydride (PE-g-MA) (Sigma-Aldrich) 

and thermally degraded LDPE (dPE) from the Department of Chemistry and Polymer Science, 

Stellenbosch University. The wood flour was obtained from six invasive alien tree species, namely 
Pine (P. radiata), Eucalyptus (E. grandis), Black wattle (Acacia mearnsii), Long-leaved wattle (A. 

longifolia), Port Jackson (A. saligna) and Beefwood (Casuarina cunninghamiana).

2.1 AFM Tip functionalisation
Silicon force modulation cantilevers from Nanosensors (Switzerland) were used for the tip 

modifications according to Bastidas et al. [7]. Tips were prepared with EVOH, PE-g-MA and dPE 

terminating functional groups. The tips were first coated with gold in an Edwards S150A Gold 
Sputter Coater and cleaned for 1 hour under a 254 nm UV lamp to remove all organic material. A 

1 mM solution of 11-mercapto-1-undecanol, 1-octadecanethiol and11-mercapto undecanoic acid 

(Aldrich) in ethanol (KIMIX) was prepared. The gold tips were submerged in the thiol solution 

and allowed to react for 2 hours at room temperature under Argon gas. The thiol coated tips 

were reacted with the EVOH, PE-g-MA and dPE solutions for 2 hours to prepare functionalized 

tips with EVOH, PE-g-MA and dPE terminating molecules. The coated tips were then rinsed with 

n-heptane and alcohol (KIMIX), and dried in an Argon stream.

2.2 Preparation of wood samples
Blocks of clear wood with the dimensions of 15×15×15 mm3 were prepared from the six wood 

species and 20-40 µm thick sections were cut along the grain with a rotary microtome (Leica RM 

2245) for CFM analysis. 

2.3 Adhesive force determination
Force images and spectroscopy measurements were acquired with an Easy Scan2 AFM from 

Nanosurf (Switzerland). Force modulation cantilevers with a 2 N/m spring constant (Nanosensors) 

were used after chemical functionalisation. 150 force-distance curves were obtained at different 

points of the sample and outliers removed. The average adhesive forces between the tip and the 

surface and their standard deviation are reported. All measurements were carried out in air at 

ambient conditions.

2.4 WPC production and testing
The optimum polymer/wood ratios (determined in a previous study) used were 70/30 with 

7% EVOH compatibiliser, 70/30 with 10% dPE compatibiliser and 50/50 with 10% PE-g-MA 

compatibiliser. Composite samples were prepared by dissolving and stirring the components 

in xylene on a hot plate. Subsequently the solution was cooled to room temperature and then 

precipitated in acetone, after which the samples were filtered and allowed to dry. The samples 
were moulded into tensile bars with a HAAKE Mini Jet II (Thermo Scientific). The tensile strength 
was determined on an LRX (LLOYD instruments) tensile tester. Five dumbbell shaped samples 

with the dimensions 15.26 mm x 3.03 mm x 0.76 mm were analysed for each WPC formulation 

to obtain average values. The samples were conditioned prior to testing and all the tests were 

performed at room temperature.
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3 Results and discussion
3.1 Adhesion force and Tensile strength
Results of the average adhesive forces between the wood substrate and the compatibiliser coated 

tips are shown in Figure 1a and the tensile strength of WPCs made from same species represented 

in Figure 1b. 

Figure 1: a) Adhesive forces between compatibiliser coated tips and wood surfaces and b) tensile strength of WPCs made with three 

compatibilisers

The adhesion forces between EVOH and the various wood surfaces varied greatly with the species. 

The adhesive forces between PE-g-MA and the wood surfaces followed the same trend, but 

the differences between the species were smaller. The interaction between dPE and the wood 

surfaces was generally weaker, but no big differences were found between the wood species. The 

adhesive force for the EVOH coated tip was strongest (310 nN) on pine and only 185 nN on Black 

Wattle. Similarly, the PE-g-MA coated tip showed the highest adhesive force on pine (257 nN) 

and the weakest (188 nN) on Long-leaved Wattle, but Black Wattle was not significantly different. 
The interactions of the EVOH and PE-g-MA coated tips were not significantly different from each 
other, however, it can be seen that the variation of adhesive forces on most wood species was 

much larger for EVOH than for PE-g-MA, which was also somewhat less sensitive to the species.
 

The dPE coated tip showed the lowest adhesive forces on all the species compared to the other 

two compatibilisers. The highest average interaction of 186 nN was observed on Beefwood and 

the lowest (97 nN) on Port Jackson. Generally, the average adhesive forces were more consistent 

for all wood species with small variations.

The tensile strength of WPCs made from the six wood species with the three compatibilisers is 

displayed in Figure 1b. Composites containing EVOH produced the maximum strength of 10 MPa 

for Pine and the tensile strength then declined consistently for the other species to about 2 MPa 

for the Beefwood composite. The composites made with PE-g-MA compatibiliser produced good 

tensile strength for all the species with the highest strength of 16 MPa for Port Jackson and the 

lowest strength of 12 MPa for Long-leaved Wattle. Composites containing dPE as compatibiliser 

exhibited the highest tensile strength among the compatibilisers. Beefwood showed the highest 

tensile strength with 17 MPa, whilst the lowest strength was 15 MPa for Black Wattle. There was 

very little intra-sample and inter-species variation for dPE composites. 

The variation of adhesive forces with species was very high for the EVOH coated tip. Similarly, 

the tensile strength of composites made with EVOH as compatibiliser showed severe species 

variation. Literature indicates that EVOH is usually not well miscible with polyethylene [10], which 

might explain the low tensile strength for some of the species. Additionally, EVOH seems not 

compatible with all wood species, due to its sensitivity to binding sites.  PE-g-MA as compatibiliser 

a) b)
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showed less variation with regards to the adhesive forces and the tensile strength. The tensile 

strength of dPE composites for all the species was very consistent without variations and the 

same trend was seen in the adhesive forces between compatibiliser and wood. This shows that 

the dPE compatibiliser worked well with all wood species on both scales. 

3.2 Correlation between adhesive force and tensile strength
To determine if the adhesive forces experienced between compatibiliser coated tips and the 

wood surfaces of the six species can explain potential differences in tensile strength of WPCs 

made with the same species, a correlation analysis was conducted and the result are shown in 

Figure 2. The highest coefficient of determination (R2 = 0.58) between the adhesive force and the 
corresponding tensile strength was observed for PE-g-MA. This was followed by dPE with R2 = 
0.54 and finally EVOH with R2 = 0.43. This means that the tensile strength depends to an extent 
of about 58% and 54% on the adhesive forces acting between the compatibilisers and the wood 

for PE-g-MA and dPE, respectively, while it is only about 43% for EVOH. Although EVOH showed 

higher adhesive forces between the two components, it exhibited low tensile strength, which 

explains the low R2 value. This discrepancy can probably be explained by the weak interaction 

with the polymer matrix. Figure 2 also shows that the gradient of the linear fit is higher for PE-g-
MA and EVOH than for dPE, which indicates the variations between wood species. 

Figure 2: Correlation between adhesive forces between compatibiliser coated tips and wood surfaces and tensile strength of WPCs

4 CONCLUSIONS

Understanding the adhesive interactions between wood and compatibilisers in WPCs and how 

they react to each other provides a better understanding of the mechanical properties of WPCs. 

This study investigated the adhesive forces of several compatibilisers and different wood species 

with AFM using chemically modified tips and compared them to the macroscopic tensile strength 
determined on WPCs made from the same compatibilisers and wood species. A weak positive 

correlation was found between adhesive forces and tensile strength, which can be explained 

by the fact that the adhesive force only regards two components of the WPC, disregarding the 

interaction of the compatibiliser with the polymer matrix. 

Furthermore, the results also show that the studied invasive alien species can be used for the 

production of WPCs if the correct compatibiliser is chosen.
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Abstract
In this research locally sourced waste materials from the Sydney Metropolitan Area (SMA) have 

been used for the development of a novel environmentally sensitive hybrid bio-composite 

particulate panel, for architectural applications. For this purpose four highly available materials 

are examined as raw materials, which blend mixture it is unprecedented until date. Macroalgae 

and bivalve mollusc shells are examined as reinforcement in their function of secondary bio-fillers. 
Mechanical performance is reported as function of the particle size.

1. Introduction
In the quest for the development of high performance, low-carbon, low-cost novel green building 

materials, transferring wastes into resources prospects the ultimate sustainable outcome from 

the Industrial Ecology perspective. 

The Government of Australia integrates this concept on December 2014 releasing the Waste 

Avoidance and Resource Recovery Strategy 2014-21 (WARR), establishing a multi-sector framework 

for reducing waste generation while keeping materials circulating within the economy [1]. 

In this context wastes materials such as Copper Chrome Arsenic (CCA) treated timbers as well as 

other treated timbers, plastic films and mixed plastics which in 2015 were listed amongst the six 
environmental priority wastes by the New South Wales Environment Protection Authority (NSW 

EPA).  

Moreover, these waste materials in the Sydney Metropolitan Area from the Commerce and 

Industry (C&I) waste stream bulk correspond to 14.5% for post-consumer timber and 12.8% for 

mixed plastics. All together represents the 27.3% corresponding to 367,650 tons per year [2].

Therefore the objective of this study is to examine the potential use of these two priority 

wastes as the main raw material for the development of a new generation of high performance 

environmentally sensitive Wood-Plastic Bio-composite (WPBC) for architectural applications. 

Thermoplastic polymer such as polypropylene (PP) has been selected as the matrix for its low 

toxicity as well as its excellent hydrophobic, thermal and insulating properties [3][4]. Wood waste 

(W) has been selected as the main filler for structural strength as well as to provide thermal and 
acoustic insulation [5]. 

Marine bio-wastes such brown kelp seaweed (SW) and bivalve mollusk seashell (SS) have been 

selected as multifunctional bio-fillers in order to improve the overall performance at a low cost. 
High mechanical strength [6][7], thermal and acoustic insulation [8] and fire retardancy [9][10] are 
some of their inherent superior properties [11] due to  high mineral content.

Although Wood-Plastic Composites (WPC) have been extensively researched in the past two 

decades, this hybrid heterogeneous particulate mixture is unprecedented until date, presenting 

an opportunity for innovation in the bio-composite field with enhanced properties. 
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2. Experimental
2.1. Materials preparation
The four materials were individually prepared. The process involved cleaning, particle size 

reduction, sifting and drying in order to prepare raw fine powders. These powders were obtained 
through mechanical milling followed by sifting through 20 and 40 steel meshes, achieving particle 

sizes of -850µ and -425µ respectively. From the four materials the fillers were oven dried for 24hrs 
at 103°C, previous the bio-composite panel preparation in order to ensure a dry mixture with 

approximately 6% moisture content.

2.2. Bio-Composite Formulation
The formulation values were established in order to examine the mechanical performance of the 

bio-composites prototypes as a function of filler load and particle size.
The specifications for the formulation parameters are indicated in Table 1.

Table 1. Panels formulation.

 

2.3. Panels Manufacturing
The dry blends were prepared at room temperature with a 60/40 % wt ratio consistent to all 

panels. The secondary fillers were incorporated to the blend as 20% wt ratio of the total panel 
weight.  The fine powders were incorporated individually in a steel bowl until the total panel 
weight was achieved. 

Then the materials were mechanically mixed at slow speed in a table mixer for 3 minutes 

approximately, obtaining a homogenous particulate composite dry mixture. Following this 

procedure the blend was hand laid in a square steel die of 240 x240 mm previously lined with a 

Teflon film, in order to prevent undesirable adherence or material loss during the heat treatment. 
Then the dry mixture was smoothly flattened with a steel plate minimizing air pockets, achieving 
a uniform thickness distribution all through the die. 
 

The die was completely sealed with a steel lid which has been similarly lined with Teflon film.  The 
sealed die was loaded into the hydraulic hot-press which was preheated at 190 °C for at least 1 

hour. Hot compression was uniformly applied at 210 bars for 45 minutes. 

Finally, the pressure is released leaving the die to slow cool at room temperature for 5 hours 

before demoulding.

The parameters for this complete procedure are indicated in Table 2.

Table 2. Processing parameters.
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3. Results and discussion
3.1. Mechanical performance
From the prototype panels a series of Wood Plastic Bio-Composite (WPBC) specimens were 

prepared for static bending test as per ASTM D1037. 

The results for Modulus of Rupture (MOR) and apparent Modulus of Elasticity (MOE) were 

calculated and compared between panel types. 

These values are are indicated in Figure 1.

                                 MOR     MOE

 
Figure 1. The Effect of particle size on MOR and MOE of WPBC.

These graphics indicate that incorporating the marine bio-fillers to 20% wt load presented higher 
MOR and MOE values, once the particle size was reduced from 20 Mesh (850µm) to 40 Mesh 

(425µm). 

Furthermore the MOR and MOE results were compared with the values indicated for Particleboards 

and MDF as per AS/NZS 1859 and ANSI A208.1-1999 standards. 

From the comparison it was confirmed that MOR for Panel A complies with low density fiberboard. 
MOR for Panel B, complies with particleboard (PB) as well as medium density fiberboard (MDF). 
Therefore the incorporation of a coupling agent (i.e. MAPP) could increase these values further in 

order to achieve a bio-composite of high mechanical performance.

3.2. SEM Fracture Surface Analysis 
Additionally SEM micrographs (Figure 2) were captured from the fracture surfaces after performing 

the mechanical test. The sample panels were mounted on a 25mm stud and kept in a desiccator 

for 24 hours. Samples were gold coated, before the analysis.

It was observed in both panels that filler loss through pull out was not significant. Furthermore 
the microstructure of the Filler/Matrix interface indicated that the smaller particle size panel (B) 

presented a more consistent encapsulation of the fibres, therefore reducing micro pores and 
internal cracks, resulting in an increased physical bonding as well as internal cohesiveness. Fact 

which might explain, the superior mechanical performance from the specimens prepared from 

this panel (Figure 1). 

  

Figure 2. WPBC Matrix/Fillers interphase Fracture Surface SEM micrograph.

A) WPBC Panel A, 20 mesh; B) WPBC Panel B, 40 mesh. 
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4. Conclusions 
This report presented the first experimental results for Macroalgae and bivalve Mollusc shells 
flours as combined secondary bio-fillers for Wood-Polypropylene Particulate Bio-composite from 
waste materials. Particle size and microstructure of the materials fine powders were reported.  
WPBC specimens were prepared to examine the mechanical performance as function of particle 

size. SEM micrographs from the fracture surface were captured for Particle/Matrix interface 

analysis.

Experimental results informed that the Novel Hybrid Particulate Bio-composite panel from waste 

materials efficiently achieved an overall performance comparable to standard panels. 
Therefore, effectively it presents an environmentally sensitive alternative to traditional commercial 

panels.
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Abstract 
This article presents the results of the experimental study of a bio-polymer subjected to a 

tension load. The objective of this paper was found a better combination between an organic 

material and a polyester resin to optimize the mechanical behavior of the matrix.  The organic 

material it a micro-algae named Botryococcus braunii, obtained from the residual process of the 

biodiesel production. In the case of the polyester resin, the study considers a PALATAL P4 (BASF, 

Santiago, Chile) to create the optimized bio-resin. The raw material, microalgae, used to develop 

the reinforcement of the polyester resin has been obtained through the process of hydrolysis-

esterification (H
2
SO

4
-CH

3
OH) of the biodiesel production. The experimental program consider 

specimens that contain 5% in weight microalgae and 95% of polyester resin.

The results shows that the mechanical properties in tension of the specimens with a 5% of 

microalgae increase the maximum stress in a 40%, respect to the neat polyester resin. In the case 

of the strain, an increment of a 124% it reach respect to the strain of the neat resin.

Introduction 
Microalgae offer several potential advantages as a non-food feedstock for biofuel production as 

they can to accumulate high quantities of lipids [1]. In general depending on the type of microalgae 

can contain between 2 to 40 %wt (based on dry weight) of lipids [2].

The global market for algal biomass is predicted to grow in the next 10 years. 

The demands for clean fuels and the problems associated with fossil fuels make the use of 

new clean fuels such as biodiesel necessary. Thus, the increase of biodiesel market creates 

opportunities for algae. 

According to forecast of algae biofuel production for 2018 will be close to 1 billion Gal. The current 

market of algae is distributed as follows, 40% oil (for fuel and green chemicals), 30% protein, and 

30% carbohydrate (ethanol)[3]. 

The expansion of the algae biofuel market required of utilization of the algae biomass waste. 

There are few reports on use of algae biomass waste. Currently there is no profitable application 
for the algae biomass waste after biofuel extraction. The potentiality of algae biomass waste 

obtained of the biofuels production, allows to an opportunity to develop new materials with 

better mechanical properties.

In this article are presented the results of an experimental study of a bio-polymer subjected to a 

tension load. This research aims to evaluate the influence of tension load on a polyester resin mixed 
with an organic material in concentrations of 0% and 5%(relative to the polyester resin weight) to 

optimize the mechanical behavior of the matrix. The organic material used as reinforcement of 

the polyester resin was Botryococcus braunii microalgae. The organic material used was obtained 

of the process of biodiesel production (lipid extraction and esterification simultaneous). The 
chemical composition of the organic material is shown in Table 1. 
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Tabla 1.  Chemical composition of organic material and biochar expressed on a dry matter basis (% wt). 

Content  (% wt) Microalgae

C 30.1

N 10.7

H 10.0

O 29.7

Ash 19.5

Experimental 
Botryococcus braunii race B (LB 572, UTEX) used in this study was supplied by the Microbial Ecology 

Laboratory of the Universidad de Antofagasta, Chile. The microalgae used in the evaluation was 

dried in a tunnel dryer at 50°C for 48 h until reaching 5% moisture. After this, the dried biomass 

was milled and then fractioned using sieves (particle size<150 µm). Microalgae powder fractions 
were used in the biodiesel production according to protocols of Hidalgo et al. (2014) [4]. The 

organic materials was then placed into a convective dryer to was removed the solvent and after 

was stored.  

The resin used in the manufacture of bio-polymer was PALATAL P4 (BASF, Santiago, Chile). The 

organic material and a polyester resin were mixed (2000 rpm by 2 min) to optimize the mechanical 

behavior of the matrix in a Dual Asymmetric Centrifugal that eliminates air bubbles (FLACKTEK, Inc 

speed mixer DAC 150.1 FVZ, Germany). The samples of bio-polymer were  tested  in an INSTRON  

universal  testing  machine  Model 3363  (Instron,  Norwood,  Massachusetts,  United Stated), 

with a capacity of 50 kN, according to ASTM D 638-14. The traction speed was 2mm/min for 

quantify the maximum breaking load, maximum elongation and the breaking strength. Each test 

was developed at 23 °C  and 50% of relative humidity.

Thermo-gravimetric analysis (TGA) and Differential scanning calorimetry (DSC) were made to the 

samples. TGA and DSC were carried out on a NETZSCH TG 209F1 thermo-gravimetrical analyzer. 

Small samples between 4 and 10 mg were loaded into a crucible to avoid heat and mass transfer 

limitations. The samples were heated from room temperature at a rate of 10°C/min until 150°C 

and were held at this temperature for 10 min to ensure complete water removal. Then, the 

temperature was increased until 550°C and held for 60 min. The TGA were performed under a 

nitrogen flow of 50 mL/min. 

The evaluation of structure of the samples was made using scanning electron microscope (SEM) 

Hitachi SU 3500.

Results and discussion 
The results shows that the mechanical properties in tension of the specimens with a 5% of 

microalgae increase the maximum stress in a 40%, respect to the neat polyester resin. In the case 

of the strain, an increment of a 124% it reach respect to the strain of the neat resin (Figure 1). The 

improvement of the mechanical behavior it due to the carbon contained in the microalgae, mainly. 

By the other side, the content of the proteins and lipids in the microalgae it help to improvement 

the strains and total displacement of the specimen tested.   
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Figure 1. Tensile test results of the sample.

Thermo-gravimetric analysis (TGA) of the sample was carried out to study the thermal behavior 

of biomass and its different components (Figure 2). According to TGA, it can be observed that in 

the case of sample with microalgae, the ash content increase, but not significantly. Of Differential 
thermo-gravimetric analysis (DTG) (Data not shown) the main peak of temperature for the samples 

was reached for its maximum weight loss around of 320°C for both samples.

 

Figure 2. Thermo-gravimetric analysis (TGA) of the sample

Of the evaluation of structure of the samples is observed a homogeneous distribution of the 

microalgae in the polyester resin. However, it tends to decant in the resin. 
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Figure. SEM image of sample a) Control b) Sample with 1% of microalgae c) Sample with 1% of microalgae

Conclusions 
The incorporation of the microalgae increases the mechanical properties of the sample. According 

to results obtained the mechanical properties in tension of the specimens with a 5% of microalgae 

increase the maximum stress in a 40%, respect to the neat polyester resin.
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Abstract
At present, in wood-plastic composites (WPC) commercially wood flour is used as a filler due 
to its low cost and good processability. In order to improve strength, a growing interest came 

up by using thermomechanical pulp fibers (TMP) in polymer matrices. TMP-fibers display high 
aspect ratios and have the potential to provide reinforcement effects to the material. If TMP-

fibers are used in WPC problems occur during feeding into the process due to the low bulk density 
of the fibers. In order to solve the feeding problem, we developed a novel one-step compounding 
process for TMP-fiber based WPC under wet conditions. A 12” pressurized disc-refiner was 
used in order to defibrate wet wood chips and neat polymer granulates (HDPE) in one process 
step. Fiber/polymer content was 50/50% without any additives. After the process the material 

show a typically TMP-fiber shape including chopped polymer particles which were inseparably 
connected to the fiber. Tensile strength of the TMP-fiber based WPC was somewhat lower than 
the reference samples. A µ-CT image gave conclusion regarding the lower strength values. It was 

shown that air is embedded within the composite. 

Keywords: WPC, Compounding, thermomechanical pulp (TMP-fibers), Refiner

Introduction
In the past decade wood-plastic-composites (WPC) have gained interest in commercial products 

such as in construction, automotive, or other consumer good applications [1]. WPC consist of wood 

particles in different shape and size, a thermoplastic polymer and additives. The most common 

polymers for WPC are polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC). Usually 

WPC-manufactures use wood flour (WF) as a filler due to its relatively easy processability, its low 
cost and availability [2–4]. In recent years a growing interest came up by using thermomechanical 

pulp fibers (TMP) in order to reinforce the polymer matrix [5]. TMP-fibers are usually produced 
for medium density fiber boards (MDF) in a refining process. Moreover, high yields are obtained 
through TMP refining, resulting in a cheaper fiber compared to e.g. chemical pulps [6]. Due to the 
TMP process conditions most of the lignin still remains on the fiber surface. Therefore it is claimed 
to have a better interface for bonding to hydrophobic polyolefin matrices [7]. The high aspect 
ratios (ratio between length and width) of TMP-fibers have the potential to provide reinforcement 
effects to the composite [2] and tend to increase strength and stiffness [3]. WF tends to increase 

the stiffness of the composite, but does not improve its strength [3]. In WPC production processes 

often the single components are compounded using either batch or continuous mixers [4]. This 

requires dry material to keep the vapor evaporation during the process to a minimum in order 

to achieve appropriate composite properties. Despite the potential to reinforce a composite, 

TMP-fibers are difficult to process with the common continuous production technologies such as 
extruders. The reason is the low bulk density, the non-free flowing behaviour and the tendency 
to form bridges. Also the dissolving of fiber agglomerates during compounding with established 
technologies such as extruders, is difficult. Therefore, it is still a challenge to feed the fibers 
consistently into the extrusion process. To avoid the feeding problem, scientific investigations 
[5,7–9] often use laboratory scale processes to compound cellulosic fibers. Another economically 
feasible way is to produce TMP-fiber based composites using a heating-cooling mixer [2] as a 
batch process. Others [9,10] pelletized the fibers before compounding, resulting in a significant 
fiber length reduction. Despite the fiber length reduction, the pelletizing technique is an additional 
production step in which a certain moisture content is required. Warnes et al. [11] used the MDF 

process to produce MDF fiber pellets which are ready to use for extruders. On the fiber surface a 
liquid polymer formulation is applied which are formed into thin pellets. The temporarily bound 

fibers are able to release in further extrusion production steps. 
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The objective of this work is to develop an alternative one-step compounding method under 

moist conditions in order to solve the feeding problem mentioned above. The concept of the 

development was to use the refiner technology which is usually applied for MDF-fiber production.   

Experimental
Compounding

The TMP-fiber compound was processed using a Sprout-Waldron 12“(Figure1) pressurized refiner 
with an upstream 55 l boiler. Commercially available wood chips (Rettenmaier Räuchergold FS 

14) were used to produce TMP-fibers. High density polyethylene (HDPE, Sabic TC 3054, meltflow 
index of 30 g/10 min., melting point 132°C) was used as a polymer matrix. The ratio of the fiber/
polymer content was 50/50% (wt). Wood chips, polymer granulates and around 12l of water were 

mixed together by hand. After filling the boiler, the wood chips and polymer granulates were 
presteamed for 10 min. with 125°C. After presteaming, the mixture was continuously defibrated 
using a disc gap of 0,4 mm. Reference samples were compounded using a co-rotating twin-screw 

extruder (Leistitz ZSE27iMaxx-400). The extruder was run at 159 rpm with a throughput of 4 kg/h. 

To feed the materials gravimetric side-feeders were used. For the heating barrels a temperature 

profile from 180 °C in the feeding section to 145°C at the end of the die were applied. The compound 
was produced with commercially available wood flour (Rettenmaier C100) and the same polymer 
as used for the TMP-fiber based compounds. The wood content was kept at 50 % wt. 

Sample preparation, testing and analyzing

The TMP-fiber compound was first pelletized using a Amandus Kahl pellet press. The pellets were 
dried with a granulate dryer (Montan Luxor CA 30 S) to a moisture content below 1 % and then 

further processed to dogbone-shaped test species according to DIN EN 527 using an injection-

moulder (ARBURG Allrounder 420C Golden Edition). The reference samples were processed in 

the same way without pelletizing. Tensile properties for TMP-fiber, wood flour composites and 
pure HDPE test species were tested according to DIN EN 527 with a Zwick Roell universal testing 

machine. For each composite ten species were tested. In order to analyse morphology and 

distribution of fiber and polymer within the composite, image analyses were conducted with a 
µ-CT scanning device (Nanotom s, GE Measurement & Control) with a resolution of 4µm. For the 

scanning device a piece of 5x5x20mm were separated in the middle of a dog-bone test specie. The 

scans were manipulated with Avizio Fire 9.1 software (VSG, Visualization Science Group, France). 

Results and Discussion
During the first conducted refining experiment it was expected that process polymer granulates 
will stick and glued between the refiner disk during processing. These expatiations were not 
noticed in this investigation. A dirtying of the refiner discs with molten polymer fragments after 
the process were not detected. It was found that the process was more or less stable during 

the whole processing time. Figure 2 displays a typically TMP-fiber mixed with HDPE. Obviously, 
the polymer granulates are chopped in a fiber like shape and fragments, and are inseparably 
entangled to the fiber. On the first view the fiber quality is similar like it is expected in a usual 
MDF production. According to Figure 4 fiber agglomerats can be detected which are not released 
during the further production steps. The moisture content of the compound after defibration was 
between 35-40 %.
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Figure 3 displays the obtained modulus of elasticity (MOE, a) and tensile strength (b). Figure 3 a) 
indicates that the addition of a filler increases MOE of the composite compare to the neat HDPE. 
It is well known that the addition of wood fillers increase MOE. This is due to the fact that wood 
has a higher MOE than polymers and therefore improves MOE of the composite. But the MOE of 

the TMP-fiber composite is approximately the same as for wood flour composites.

Figure 3 b) shows that the addition of wood flour preserves the tensile strength of composite at 
(19,2 MPa, median). The median tensile strength value of TMP-fiber based composites is 15,95 
MPa. This is 17% lower than the wood flour composites (median value 19,22 MPa). 

Under the processing conditions and materials used in this study, TMP-fibers did not significantly 
improve the tensile strength of the composite like it is reported in other studies (e.g. Woodhams 

et al. [9], Nygård et al. [12]). Taking into account that only 50% HDPE is used in the composite 

instead of 100% (19,12 MPa, median) tensile strength is preserved. 

However, it has to be considered that the improved tensile strengths of other studies are achieved 

with established compounding technologies and conditions. For HDPE TMP-fiber WPC with 50% 
fiber content Woodhams et al. achieved a tensile strength of roughly 39 MPa. Compounds were 
produced on a laboratory internal mixer and further processed with an injection-moulder. Yam et 

al. [13] found that with increasing fiber content tensile strength monotonically decreases. For the 
compression moulded composites with a fiber content of 50%, tensile strength of roughly 20 MPa 
was observed. 

Figure 3 MOE a) and tensile strength b) of HDPE based TMP-fiber composites, wood flour composites and pure HDPE. Wood content 50%wt.
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Figure 1 Sprout-Waldron 12” pressurized refiner at the wood K-plus 
research institute in Tulln, Austria

Figure 2 TMP-fiber compound produced

a) b)
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Figure 4 gives some indication, why the tensile strength of the TMP-fiber composite is lower than 
the wood flour composite. The brighter grey represents the wood particles, the darker grey the 
polymer and air is pictured in black. Figure 4 displays a view inside the volume of the composite. 

The view is in xz-axis direction. With respect to the image it can be observed that after injection-

moulding the composite still contains a high amount of air which is an explanation for the reduced 

tensile strength. One possible explanation might be that the mold was frozen during injection-

moulding due to low viscosity. Further investigations of the µ- CT-images have to be done to get 

precise information if smaller areas of air are also located in the outer range of the composite. 

Another issue could some remaining moisture within the pellet. May some remaining areas with 

moisture were within the pellet and not removed during drying. From Figure 4 also some fiber 
agglomerates are obvious. Agglomerates indicate poor fiber dispersion and lead to decreasing 
strength properties. The agglomerats and air is also one possible explanation for the reduced 

MOE compare to the wood flour composite. 

 
Figure 4 µcT-images of one tensile test sample.
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Conclusion
The objective of this study was to investigate a novell one-step compounding approach under 

wet conditions. Instead of the established compounding technologies such as extruders, we used 

the refiner technology basically used for MDF-fiber production. Under the given condition a proof 
of concept was demonstrated. The resulting TMP-fiber based composites showed lower tensile 
strength values compared to the wood flour composites. First investigations showed that some 
remaining air and fiber agglomerates are still within the composite. Due to this observation a 
reinforcement effect could not be exploited as reported in other studies. Nevertheless, our first 
experiment procedures showed that this kind of compounding approach is possible. A composite 

production is feasible. Further studies concerning this research, the following issues have to be 

considered to improve composite properties:

• investigation of material treatment between refining and consolidation 
• understanding the influence of composite formulation like wood content, processing and 

coupling agents 

• upscaling of the process with industrial technology 
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Abstract
Fine hemp fibers (cottonized hemp) were processed using steam explosion. A morphological 
characterization was made.

Composite materials were prepared with hemp fibers (20%) and polypropylene (80%), with a twin 
screw extruder at 250 rounds per minute. The output was 3000 grams per hour. Several groups of 

fibers were processed:

• Untreated fibers
• Exploded fibers (conditions A: T = 190°C,  t = 3 min, C = 0 %)
• Exploded fibers (conditions B: T = 210°C, t = 5 min, C = 6 %)

Mechanical tests (tensile strength) were made with a dynamometer to characterize the different 

samples. The best results of Ultimate strength tensile were obtained with exploded fibers 
(conditions A). The lignin relocation on the fibers surface after steam explosion could cause a 
better adhesion between the matrix and the fibers.

Introduction
Recently, the interest in renewable resources was rekindled by the growing global waste 

problem and environmental awareness. The current development of natural fibers and bio-based 
materials are motivated by legislation as well as customers’ demands for more sustainable and 

environment-friendly products [1]. The major advantages of natural fibers over synthetic ones 
are their low specific weight and their local availability. Utilizing natural plant fibers for material 
applications such as textile, non-woven and as reinforcement in composites seems to be a good 

alternative. New developments in packaging, furniture, building and automotive industries have 

been described [2]–[5]. 

Hemp is one of the bast fibers grown in temperate climates which have provided many important 
products such as fibers for textile, seeds (oil), as well as pulp and paper. Hemp elementary fibers are 
on average 13 to 15 mm long with a diameter between 15 to 20 µm [3], [6]. They potentially display 

very interesting properties for industrial applications such as high tenacity, good tensile strength 

and excellent moisture resistance [7]–[9]. On the other hand, one of the major characteristic of hemp 

fibers and of natural fibers in general, limiting large-scale high-quality industrial developments, is 
their non-uniformity. In addition to the natural variability of the feedstock, the procedures used 

for the extraction of the technical fibers from the stem of bast plant (retting process) greatly 
impact the morphology and the properties of the fibers [10]–[12]. 

Steam explosion is currently one of the most valuable pretreatment technologies for cellulosic 

bioethanol production [13]–[15]. After impregnation, biomass is treated with hot steam (around 

200°C) under pressure (around 1.5-3 MPa) during a few minutes followed by an explosive 

decompression [16]. The effect of steam explosion on biomass combines a chemical hydrolysis 

during the stream treatment and defibration during the explosive decompression. Steam 
explosion process has been previously experimented for the extraction of fibers from biomass. 
Reported on Kessler et al.[16], the production of linen from flax by steam explosion is maid after 
a soda impregnation.

In this paper, the effect of steam explosion as a treatment of hemp fibers for composite materials 
is described.
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Experimental
Raw material

Fibers of industrial hemp (Cannabis Sativa L.) were investigated. This hemp was produced close 

to Shefford, Quebec, Canada (N45.21, O72.34) between April and September 2013. Stems were cut 
and subjected to winter retting. Fibers were isolated and dried.

Impregnation

Fibers were impregnated with a solution of sodium hydroxide (C = 0; 6 wt %). The biomass was 
impregnated during 15 hours at room temperature with a weight ratio water/biomass of 15/1. 

Then, the fibers were filter-pressed (6.8 atm = 100 psi) to remove the excess water.

Steam explosion treatment

After impregnation and pressing, the fibers were transferred into a 2L steam gun where about 50 
g (dry basis) of biomass was cooked at temperatures of 190°C and 210°C for 3 and 5 minutes by 

addition of steam in a pressure-resistant reactor.

Washing, drying and carding

To remove the residual NaOH in the exploded fibers, a washing step was necessary. Biomass was 
washed three times with 1.5 L of water at 12°C and then filter.
After washing, the fibers were dried in an oven at 104°C during 24h.
A typical carding machine with a main cylinder was used.

Composite materials

Composite materials were prepared with hemp fibers (20%) and polypropylene (80%) with a 
twin screw extruder. The output was 3000 g per hour. Several groups of fibers were processed: 
untreated fibers, carded untreated fibers, exploded fibers (conditions A: T = 190°C, t = 3 min, C = 
0%), and exploded fibers (conditions B: T = 210°C, t = 5 min, C = 6%).

Mechanical tests

Samples were molded with a micro compounder, and mechanical tests (tensile strength) were 

made with a dynamometer to characterize the different samples. Five samples of each type of 

material were tested.

SEM analysis

Scanning electron microscopy (SEM) analysis was carried out with Hitachi 3000 microscope. All 

images were taken at an accelerating voltage of 15 kV. Image Pro Premier 9.2 was used for the 

pictures analysis (diameter of the fibers). For diameters of the fibers, between 600 and 1500 fibers 
were measured for each sample.

Results and discussion
Technical hemp fibers were processed using steam explosion after 15 h impregnation. Two 
different explosions conditions were used:

• Conditions A: Water impregnation; temperature = 190°C; residence time = 3 minutes
• Conditions B: NaOH (6%) impregnation; temperature = 210°C; residence time = 5 minutes

The difference between these two conditions and raw fibers has been studied.

It is clear from Figure 1.UT that the untreated hemp sample is composed of bundles of 100 µm to 

500 µm containing 5 to 30 single fibers. The percentage of isolated single fibers in the sample is 
very low (2.1%). This observation is in accordance with previously described works [17]. In contrast, 

after treatment, it can be seen from Figure 1.A and B that the fibers are well separated. In Figure 
1.A, the sample is composed of smaller bundles with significantly more individual fibers (37.8%) 
while in Figure 1.B, the sample is mostly composed of single fibers (81.4%). 
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Figure 1. SEM photos of cross sections of untreated and treated hemp samples: UT. Untreated hemp fibers. A. Hemp fibers after steam explosion, 
conditions A; B. Hemp fibers after steam explosion, conditions B.

The average diameters of all the fiber bundles were determined from the cross section obtained 
from their SEM pictures (Fig. 1). The values of the average diameters are 25.5 µm for conditions 

A and 17.8 µm for conditions B. The average diameter of the raw fibers (41.1 µm) is slightly higher 
than the value reported by Catling and Grayson (30 µm). Figure 2.UT shows that the raw hemp 

displayed a broad range of diameters with very thick fiber bundles (>150 µm). After steam explosion, 
significantly finer fibers were collected. Figure 2.A and B shows the diameter distributions for 

steam-exploded samples conditions A and B respectively.

 

Figure 2. Diameters distribution of hemp fibers.

Composite materials were prepared with hemp fibers (20%) and polypropylene (80%) with a twin 
screw extruder. The results of the mechanical test are presented in Table 1. Composite based 

on untreated fibers have an ultimate tensile strength of 27.7 MPa. With a soft steam explosion 
treatment, the fibers slightly improve the resistance of the material (28.4 MPa), whereas a too 
strong treatment will decrease the quality (27.1 MPa). After steam explosion without NaOH 

impregnation, the lignin relocation on the fibers surface could cause a better adhesion between 
the matrix and the fibers. Conversely, a severe treatment with soda could remove the lignin of the 
fibers and weaken them.

UT

 A  B
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Table 1. Ultimate tensile strength of composite materials from different fibers

Untreated fibers Conditions A Conditions B

Ultimate tensile strength (MPa) 27.7 28.4 27.1

Standard deviation (MPa) 0.3 0.3 0.5
    

Conclusions
In this paper we described the effect of steam explosion on hemp fibers as a reinforcement of 
composite materials. A method by image processing was used to characterize the morphology 

of fibers. Cottonized hemp was produced and processed to make composite materials. Steam 
explosion with water impregnation slightly improve the resistance of the final material. However, a 
strong steam explosion with soda can damage the fibers and remove the lignin, which is essential 
for mechanical resistance. An optimization of the process of steam explosion will be necessary to 

improve the qualities of the final composite materials. Utilizations of these fibers in composites 
should be considered.
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Abstract

A crack- and twist-free carbonized board was developed from medium density fiberboard 
(MDF), plywood, and wood panels. The carbonized board showed outstanding performance in 

formaldehyde removal, but poor performance in removal of aromatic volatile organic compounds. 

Therefore, we have synthesized visible-light response TiO
2
 using the metal dopping method for 

the improvment of indoor air quality. Titanium tetrapropoxide (Ti-tip), cobalt nitrate, and iron 

nitrate were used as precursor materials for metal doped TiO
2
 synthesis. A 5 mol% of cobalt nitrate 

or iron nitrate was mixed with 50% diluted Ti-tip in isopropanol (IPA) and then spread on the 

surface of MDF. The metal doped Ti-tip treated MDF was carbonized in an electronic furnace 

at 800ºC for 2 h. The XRD results showed that the crystal form of metal-doped TiO
2
 was silmiar 

to the rutile form of TiO
2
. Based on SEM-EDS images, metal-doped TiO

2
 was well distributed on 

the surface of the carbonized board. Toluene removal test was conducted using a modified 20 
L chamber system with commercially common fluorescent lamp as a light source. Metal-doped 
TiO

2
 carbonized board showed 100% toluene removal performance under visible-light at 15 h. No 

significant difference between cobalt and iron doping was found with the toluene removal test.

Introduction
Indoor air quality is one of the basic requirements to having happiness in the household (WHO 

2010). People are caring more about their health and the concern over the effects that poor indoor 

air quality has on health has increased. For these reasons, government organizations and industries 

have started to look for solutions to eliminate toxic chemical compounds from household goods. 

The EPA (US Enviornmental Protection Agency) regulates toxic chemical emission from goods, 

and recently sales of air cleaners, or purifiers, has been dramatically increasing. In 2009, a crack- 
and twist-free carbonized board (c-board) was developed from MDF, plywood, and wood panels. 

Experiments have been conducted to investigate the physical and chemical properties and 

functionality of these c-boards. Studies have found that c-board displays dimensional stability 

in varying thermal and humidity conditions and have higher banding strength than gypsum 

board. In addition, c-boards can easily remove formaldehyde (a major volatile compound of sick 

house syndrome), but have little ability to remove aromatic volatile organic compounds (AVOCs) 

such as toluene and xylene. Titanium dioxide (TiO
2
) has attracted a great deal of interest as a 

photocatalyst due to its redox capability under ultraviolet (UV) irradiation as well as for being a 

non-toxic material. These exclusive properties of TiO
2
 lead to wide-ranging applications, such as 

use as a photocatalyst, photovoltaic material, gas sensor, degradation of organic compounds, 

deodorization, and anti-bacterial treatment. In general, TiO2 was produced as a sol-gel type and 

has been applied to flat objects by coating or spraying. Many scientists have conducted research 
to apply TiO

2
 onto variety of materials. Wang et al. (2013) and Wu et al. (2008) used sol-gel type 

TiO
2
 and applied it to charcoal powder as part of a complicated process for purification of waste 

or contaminated water. In our previous study, to improve the toluene removal performance of 

c-boards, we attemped to a combine photocatalyst, TiO
2
, and c-boards. TiO

2
 supported c-boards 

were prepared by one-step and two-step methods, and both samples showed excellent toluene 

removal performance under UV light. However, in normal conditions of indoor environments, 

securing sufficient amounts of UV light is not easy but is essential for maintaing photocatalytic 
activity of TiO

2
 on c-boards. The objective of this study, therefore, was to synthesize the visible-

light response TiO
2
 using the metal doping method and appying to c-board, as well as investigating 

toluene removal performance.
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Experimental
Preparation of visible-light response TiO

2
 and c-boards

Visible-light response TiO
2
 was synthesized using the metal doping method. The reagents used 

were titanium isopropoxide (Ti-tip, Daejung Chemical, Korea), isopropyl alcohol (IPA, Daejung 

Chemical, Korea), cobalt nitrate (Junsei Chemical, Japan), and iron nitrate (Junsei Chemical, 

Japan). A metal (Co or Fe) nitrate solution (1.0 M) in IPA and a diluted Ti-tip solution in IPA (50%) 

were mixed together to each metal’s doping level in 5 mol% (molar ratio of metal to titanium) and 

then stirred for 30 min. Seven grams of the mixed metal and Ti-tip solution was applied onto the 

surface of MDF (260 mm (length) x 130 mm (width) x 12 mm (thickness), (Sunchang Corp., Korea). 

The sample specimens were dried to remove IPA in a convection oven at 60oC for 3 h and then 

carbonized in an electric furnace at 800oC for 2 h by a 50oC/h heating rate (Park et al. 2009). 

Metal-doped TiO
2
 powder was also prepared from the mixed metal and Ti-tip solution. The IPA 

in the solution was removed by nitrogen flow and then dried in a convection oven at 60oC for 
3 h. The dried sample was calcined at 800oC for 2 h by a 50oC/h heating rate as same as the 

carbonization condition mentioned above. 

Instrumental analysis

The crystalline structure of metal (Co or Fe)-doped TiO2 was investigated by X-ray diffraction 

(PANslytical, X’pert Powder, Netherlands) and metal distribution was evaluated by SEM (COX 

EM-30sem, Coxem Ltd., Korea) with EDX (DE/Quantax 100, Bruker, Germany). The UV-vis diffuse 
reflectance spectra (DRS) were obtained using a Scinco S-4100 UV/Vis spectrometer (Scinco Co. 
Ltd., Korea) equipped with an integrating sphere assembly. The spectra were recorded at room 

temperature in air from 300 to 700 nm. Photocatalytic activity was investigated using the toluene 

removal test with modified 20 L chamber method (ISO/DIS 16000-24, KS F 2612:2011, and JIS A 
1905-1). Toluene standard gas (20 ppm, Rigas Inc., Korea) was filled in a 20 L chamber by a 3 time 
displacement process. Visible-light response TiO

2
 appiled c-board (300 cm2) was added into a 

20 L chamber and then visible-light was irradiated for 15 h. Air sampling was conducted through 

the outlet located on top side to a Tenax-TA tube (Supelco, USA) for 1 L with 167 mL/min per hour 

(Figure 1).

     

Figure 1. Picture and schematic diagram of toluene reduction experiment.
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Results and discussion
Characteristics of metal (Co or Fe)-doped TiO

2

In general, the anatase form of TiO
2
 has been widely used due to its various benefits, such as low 

cost and high photocatalytic activity. However, its practical application seems limited because 

it requires a UV excitation source. To solve this problem, the modification of this catalyst was 
attempted by doping it with various metals such as Fe, Co, Cr, Zn, and Ag (Zhu et al, 2004). In 

this study, Co and Fe were used as dopants. Figure 2 shows XRD patterns of the metal (Co or 

Fe)-doped TiO
2
 samples (calcined powder). Metal (Co or Fe)-doped TiO

2
 showed a rutile type of 

crystalline structure with unknown trace peaks (Figure 2). TiO2’s peaks shifted to rutile’s peaks by 

metal doping. The strong peak at an angle 2 theta of 54 degrees, which represents one of anatase 

TiO
2
 peaks, might not be an anatase peak because of its intensity. Therefore, its peak may be 

caused by the interference of metal doping. 

Figure 2. XRD data of TiO
2
 and metal-doped TiO

2
.                                    Figure 3. DRS image of TiO

2
 and metal-doped TiO

2
.

                          

UV-vis diffuse reflectance spectra of TiO
2
 doped with Fe or Co are presented in Figure 3. Absorbance 

in the shorter wavelength region was detected on original TiO
2
, while metal (Co or Fe)-doped TiO

2
 

displayed a red shift in the absorption onset value. Blue and yellow regions were also detected on 

Co-doped TiO
2
 and TiO

2
, respectively. These peaks may represent unreacted metal ions.

Metal-doped TiO
2
 on c-board and photocatalytic activity

The loaded amount of metal (Co or Fe)/Ti-tip on MDF was around 112 g/m2. Co/Ti and Fe/Ti 

particles were evenly distributed and fully covered on the surface of c-board, according to SEM-

EDX imaging (Data not shown). Based on atomic percentage, the Co and Fe percentage to Ti was 

3.78% and 6.6%, respectively. The fluorescent lamp used in the photocatalytic activity test emitted 
a UV region and a visible region within 6 main peaks, which were 313 nm, 365 nm, 405 nm, 437 

nm, 546 nm, and 577 nm. However, intensity of the UV region was weaker than that of the visible 

region. Photocatalytic activity of metal-doped TiO
2
 on c-board was evaluated by performing the 

toluene removal test under fluorescent light. As shown in Figure 4, original c-board showed very 

low toluene removal performance, similar to the previous study (Lee et al, 2015), while toluene in 

the control chamber remained at 20 ppm, the initial concentration. The 10% TiO
2
 applied c-board, 

which was made according to previous studies by Lee et al. (2015), displayed outstanding toluene 

removal performance under UV irradiation (360 nm, 100% reduction at 5 h). However, under 

visible-light irradiation, toluene removal performance remarkably decreased as with the original 

c-board. This data reveals that the anatase type of TiO
2
 does not have photocatalytic activity under 

a visible-light source. In the case of metal doped TiO
2
 appiled c-board, both Co and Fe doped TiO

2
 

on c-board had 100% toluene reduction at 15 h with visible-light source. Although photocatalytic 

activity of the metal-doped TiO
2
 synthesized in this study had good toluene removal performance 

under visible-light irradiation compared to the original c-board, the activity was lower than that 

of the anatase type of TiO
2
 with UV irradiation.
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Figure 4. Comparison of toluene removal performance.

Conclusions
Visible-light response TiO

2
 with c-board was synthesized by implement the metal doping method 

and a previous one-step method. The crystalline structure of metal-doped TiO
2
 was shifted to 

rutile type TiO
2
. Anatase types of TiO

2
 applied c-board showed outstanding photocatalytic activity 

under UV irradiation, but none under visible-light irradiation. Photocatalytic activity of metal-

doped TiO
2
 under visible-light was higher than that of the original c-board. Twenty ppm toluene, 

the initial concentration, was completely decomposed by metal-doped TiO
2
 on c-board at 15 h. 

Therefore, visible light response TiO
2
 on c-board could be applied to removal of AVOCs indoors. 

Future studies will use XPS analysis to investigate the chemical bond of TiO
2
 with metal.

References
Lee M., S. B. Park, S. P. Mun. 2015. Photocatalysis and adsorption of formaldehyde and toluene by TiO

2
 

embedded carbonized medium density fiberboard Abstract Book of IAWPS (Tokyo, Japan) 164-165.

Lee, M., S.B. Park, S.P. Mun. 2015 One-step preparation of TiO
2
 embedded carbonized medium density 

fiberboard. Abstract Book of IAWPS (Tokyo, Japan) 58p. 

Lee, M., S.B. Park, S.P. Mun. 2016 Toluene removal performance of TiO
2
 reinforced carbonized board. Abstract 

of the 66th Annual Meeting of Japan Wood Research Society, 103p

Park, S. B., Lee, S. M., Park, J. Y., and S. H. Lee. 2009. Manufacture of crack-free carbonized board from 

fiberboard (in Korean). Mokchae Konghak. 37(4): 293-299.

Park, S. B. et al. 2008. Evaluation and improvement of VOCs on wood-based panels. Research report 08-20. 

Korea Forest Research Institute. Journal of Wood Science 60(1): 74-79.

Wang, X., Wu, Z., Wang, Y., Wang, W., Wang, X., Bu, Y., and J. Zhao. 2013. Adsorption–photodegradation of 

humic acid in water by using ZnO coupled TiO
2
/bamboo charcoal under visible light irradiation. J. Hazardous 

Materials 262: 16-24.

Wu, C. H, Shr, J. F., Wu, C. F., and C. T. Hsieh. 2008. Synthesis and photocatalytic characterization of titania-

supported bamboo charcoals by using sol–gel method. J. materials processing technology 203: 326-332.

World Health Organization. 2010. WHO guidelines for indoor air quality: selected pollutants. Geneva, 

Switzerland: WHO.

Zhu J., W. Zheng, B. He, J. Zhang, and M. Anpo. 2004. Characterization of Fe-TiO2 photocatalysts synthesized 

by hydrothermal method and their photocatalytic reactivity for photodegradation of XRG dye diluted in water. 

J. Molecular Catalysis A: Chemical 216: 35-43.



130

SESSION 8-1 

ESTERIFIED LIGNIN AS HYDROPHOBIC AGENT FOR USE ON WOOD 
PRODUCTS

René Herrera, Oihana Gordobil, Jalel Labidi*

Chemical and Environmental Engineering Department, University of the Basque Country UPV/

EHU, Plaza Europa, 1, 20018, Donostia-San Sebastián, Spain

*Corresponding author: jalel.labidi@ehu.eus

1 Introduction
Wood is an incredibly essential raw material that has been used extensively throughout human 

history and it is employed in a wide variety of applications such as building materials and indoor-

outdoor products. Although wood is a versatile material some of its intrinsic properties represent 

disadvantages in some applications. Its hydrophilic nature, instability against moisture and 

degradation due to microorganism or ultraviolet radiation are the main drawbacks that require 

improvements. On these grounds, wood treatments are required to deal with its natural features 

and enhance its durability in order to increase the service life of wood products. Achieving wood 

protection from external factors to prevent its deterioration involves different protective methods 

such as chemical modifications of wood [1], thermal treatments [2] and the use of additives or 
chemicals as coatings or penetrating finishes [3]. However, the use of toxic products [4] as wood 
preservative represents diverse risks to humans and other life forms which should be avoided 

and that involves the desire to develop new biobased products for wood preservation. Therefore, 

lignin, one of the most available natural polymers on the earth, presents significant potential as 
raw material to be used as hydrophobic agent for wood protection due to its chemical structure 

which is based on three phenylpropane units (p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S)) 

which are bound to each other via ether and C-C linkages and are substituted with numerous 

functional groups like methoxyl groups, phenolic and aliphatic hydroxyl groups principally [5]. In 

order to increase its hydrophobicity and solubility in organic solvents [6], chemical modification of 
its functional groups is often carried out. Esterification is one of the easiest reactions to perform 
considering the reaction parameters and used reactants [5].  Moreover, when lignin is modified by 
esterification, hydroxyl groups are replaced by ester substituent [7] and thus, reduce the number 
of hydrogen bonding and generate an increased free volume in the molecule, providing mobility 

of the chains [8] reducing the glass transition point of lignin and increasing its thermoplasticity [1].  

These gained thermal properties are highly desirable for current industrial processing technology 

like press moulding. The aim of this study was to synthesize long aliphatic alkyl-lignin derivatives 

from hardwood and softwood organosolv lignins and investigate their possible use in wood 

treatments as protective agent as well as the influence of lignin derivates on water and oil affinity, 
their resistance to artificial aging and appearance on wood veneers. Esterified lignins were applied 
on the veneers by two different methods. First method was a coating by press moulding at two 

different conditions; the second one was impregnation using acetone as solvent and immersing 
the samples at different periods of time.

2 Experimental procedure
The lignin isolation and chemical characterization was carried out according to Gordobil et al, 2016 

[9].

2.1 Lignin esterification
Esterification procedure was performed with 0.5 g of lignin dissolved into 15 mL of DMF in a two-
necked flask with a magnetic stirrer, pyridine (2.75 mL) was used as a catalyst and dodecanoyl 
chloride was added (0.9 mL), the reaction was conducted at 20 °C for 2h. After that, the solution 

was poured into 650 mL of 2% ice-cold hydrochloric acid. The precipitate was filtered and washed 
with excess distilled water and ethanol. The samples were then dried in vacuum at 35 ºC overnight. 

The obtained modified lignins were called OS12C and OE12C for Spruce and Eucalyptus lignins 
respectively.
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2.2 Wood veneers treatments

Samples prepared for finishing with lignin derivative products were sanded using silicon carbide 
(SiC) sandpaper with 280-grit (Beech) and 180-grit (poplar). These wood veneers samples were 

treated with esterified lignins using two different methods; first method was coating by press 
moulding at two different conditions (90 ºC/100 bar and 100 ºC/200 bar). The second method was 

impregnation by immersion of veneers at room temperature in a prepared solution of acetone 

and esterified lignins (0.5 wt%) at different times (2, 4, 8, 12, 24, 48 and 72 h). Prior to immersion 
wood veneers were dried at 105 ºC in an oven during 2 days and then samples were put under 

vacuum for 1h.

2.3 Characterization

Chemical modification of lignins was confirmed by FTIR and DSC. The FT-IR analysis of esterified 
lignins was performed on a PerkinElmer Spectrum Two FT-IR Spectrometer equipped with a 

Universal Attenuated Total Reflectance accessory with internal reflection diamond crystal lens. A 
total of 8 scans were accumulated in transmission mode with a resolution of 4 cm−1. The spectrum 

was obtained from a range of 4000 to 700 cm-1.  The glass transition temperature oft sterified 
lignins was determined by METTLER TOLEDO DSC 822 differential scanning calorimetry. Samples 

about 5-10 mg were tested under nitrogen atmosphere at a heating rate of 10 ºC/min. The isolated 

and were heated from 25 ºC to 200 ºC. However, chemical modified lignins were analyzed from 
-60 ºC to 200 ºC. 

To examine water and oil repellence of treated wood veneers surfaces, water (WCA) and ethylene 

glycol (OCA) were used. Samples were stabilized at 25 ºC temperature and 50% relative humidity. 

Measurements were carried out using a Dataphysics Contact angle system OCA 20. The dynamic 

contact angle was determined by the placement of a droplet (3 µl) and at different times (1, 10, 

20, 30, 40, 50, 60, 90, 120 s). The average value of five measurements per sample was calculated. 
The color of the coated and immersed woods surfaces was measured by a Konica Minolta 

CM-2600d device and expressed using the CIE-Lab color space coordinate system L*, a*, and 

b* (lightness, red-green-axis, and yellow-blue axis). The overall color change (ΔE*) was also 
calculated from the L*, a*, and b* values for each coating system (Eq. 2). Measurements were 

taken in triplicate for each sample.

                                                                       ΔE=√ΔL*2+Δa*2+Δb*2                                                                (2)

where: ΔL, Δa, Δb denote differences in parameters of compared colors. L* axis defining lightness 
(values from 0 to 100%), a* – axis running from the red color (+a*) to the green color (−a*) and b* – 

axis running from the yellow color (+b*) to the blue color (−b*).

Wood veneers were artificially aged based on a modified ASTM D2559 technique [10]. To complete 
an aging cycle, samples were dried, weighted, placed in a sealed container and submerged in 

water (approx. 27 oC), at 20 kPa for 15 h; then placed in a convection oven at 75oC for 9 h. Once 
removed from the oven, each specimen was checked for delamination or cracks and the cycle 

was repeated five times. Afterwards, samples were weighted and stored at 25 oC and 50% relative 
humidity until they were tested to know the changes in water and oil repellence and color changes.
 

3 Results and discussion
FTIR spectra (Figure 1) of esterified lignins confirmed that the esterification process was successful 
at studied conditions. This modification is highlighted for its short period of time without using 
temperature. Modified lignins showed that the signal around 3400 cm−1 which corresponds to O-H 

stretching vibrations in aromatic and aliphatic hydroxyl groups was reduced and the appearance 

of two new peaks at 1740 cm−1 and 1760 cm−1 are clearly seen. They are assigned to aliphatic and 

aromatic ester bonds, respectively. The intense increase of peaks at 2930 cm−1 and 2840 cm−1 are 

assigned to long chain alkyl groups (aliphatic carbon) which are present in fatty acid chloride [11]. 
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Figure 1. FTIR spectra of isolated and esterified lignins, (a) organosolv spruce lignin (OS) and (b) organosolv eucalyptus lignin (OE).

On the other hand, DSC diagrams of different lignin samples are shown in Figure 2. Both isolated 

lignins had a relatively high glass transition temperature (115-125 ºC) due to strong intermolecular 

hydrogen bonding interactions which restrict the thermal mobility of original lignin molecules and 

result in high T
g
 [12]. However, lignin derivatives presented a great reduction of glass transition 

temperature (T
g
). So, the use of esterification to elaborate lignin derivative products by attaching 

long aliphatic chains proved that it is a suitable method to obtain lignin derivatives with suitable 

glass transitions temperatures to use them in current industrial techniques.

  

Figure 3. Differential scanning calorimetry (DSC) of (a) isolated and chemically modified Spruce lignin and (b) isolated and chemically modified 
Eucalyptus lignin.

The analyses of contact angle exhibited important differences between treated and original woods 

veneers. The original wooden veneers presented hydrophilic and oleophilic character. However, 

wetting properties of treated wood displayed a great improvement against water and oil. Coated 

wood veneers presented values between 90-120º for water and 70-100º for ethylene glycol. In 

the case of impregnated wood veneers, the contact angles were higher and more stable than 

coated woods and remained practically unchanged during the test period with 120-140 º for water 

and between 110-130º for oil. The hydrophobic character of synthesized lignin derivates provides 

the high contact angle values which are stable over time. There are not significant differences 
between them, thus proving that esterified lignin is an appropriate agent to use in the frame 
of wood products. However, there can be observed few differences depending on the selected 

application methods, being more hydrophobic and oleophobic when impregnation method was 

used.  The color change in both woods after each treatment is visually appreciable, especially in 

the case of coated woods (Figure 3). The total color difference (ΔE) of coated beech wood varies 

between 30 and 40 while poplar woods presented higher values between 50 and 60. In general, 

the lightness (L*) decreased around 50% in coated beech and 60% in coated poplar. 
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Figure 3. RGB color space calculated for wood samples (a) untreated beech, (b) beech coated with OE12C at 90ºC/100Ba, (c) impregnated beech 

d with OS12C (72h), (d) untreated poplar, (e) poplar coated with OS12C at 90ºC/100Ba and (f) impregnated poplar with OS12C (72h).

On the other hand, impregnated woods presented less color change (ΔE) than coated woods with 

values between 2-12 for impregnated beech and 3-22 for impregnated poplar. The general trend 

was that OS
12C

 lignin provided greater color changes on woods than OE
12C

 as can be observed in 

Figure 3 where samples treated with OS12C presented darker color. The lightness (L*) decreased 

around 5-15% for impregnated beech and 5-20% for impregnated poplar. Following the initial 

successful results, it was necessary to analyze its effectiveness through material service life. For 

this purpose, an accelerated aging test on treated wood veneers was performed to know the 

effect of weathering on the obtained wetting properties and also comparing with aged control 

samples. In order to know the changes during the aging cycles, the weight loss of samples was 

measured. Although a clear trend was not found, controls and treated wood samples showed 

comparable weight loss with values between 1 and 3%. Another way to follow the changes due 

to aging was the evaluation of color by the meaning of ΔE. In the case of coated samples there 
is remarkable the stability of the samples treated at lower conditions (90 ºC/100 bar) for both 

esterified lignins recording values below controls (ΔE = 2-6) and being OS
12C

 lignin at process 

conditions of 90 ºC and 100 bar the most stable treatment. Regarding impregnated wood samples, 

all presented similar color changes compared with controls samples. However, the impregnated 

poplar samples slightly more stable.

Finally, dynamic contact angle was again measured. As expected aged controls presented higher 

affinity for water. In the case of ethylene glycol, it was not possible to measure the trend over 
time after aging due to its high affinity.  On the other hand, aged coated surfaces exhibited a 
great improvement against oil and water compared to the aged controls (Figure 4). In the case of 

hydrophobicity, all wood samples showed WCA of water > 60º after two minutes of test. However, 

the effectiveness of the esterified lignins against ethylene glycol was lower after aging. For this 
reason, it was taken as reference time 20 s which allow recording the contact angle in all samples. 

Thus, less stability with an important decrease of contact angle (OCA) at that time was observed, 

being the results between 40-80% for OS
12C

 coatings and about 20-30% for OE
12C

 coatings.

 

Figure 4. Wetting of a wood surfaces by liquid: (a) aged poplar at 30 s with water, (b) impregnated aged poplar with OS
12C

 (2h) at 120s with water, 

(c) impregnated aged poplar with OE
12C

 (4h) at 120s with water and (d) impregnated aged poplar with OE
12C

 (2h) at 120 s with ethylenglicol.
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Concerning impregnated aged samples there was found higher stability against water and oil than 

in coated aged veneers. In the case of WCA the values were higher than 80º after two minutes 

of test. On the other hand, greatest differences were observed during dynamic contact angle 

with ethylene glycol on aged impregnated veneers.  At the reference time (20 s) was observed a 

reduction of OCA between 25-100% for beech-OS
12C

, 25-70% for beech-OE
12C

, 25-40% for poplar-

OS
12C

 and 10-30% for poplar-OE
12C

.  The obtained WCA and OCA values after artificial aging were 
positive proving the resistance of the synthesized hydrophobic agent and thus improving the 

wood products service life. These hydrophobic values are comparable with commercial products 

and with those found in literature.

Conclusion
The esterification process at short time and room temperature was successful to synthesize lignin 
ester derivatives to use as hydrophobic agent on wood products. Esterified lignins presented a 
significant decrease on glass transition temperature making them suitable to use by industrial 
processing such as press moulding.  Regarding the application methods performed, a stable 

and high hydrophobic and oleophobic behavior on wood veneers was observed. However, the 

immersion method provided the highest and more stable dynamic contact angle for water and oil 

which remained practically unchanged over time. The color change on treated veneers was visually 

appreciable, especially in the case of coated woods. The dark shades generated by these products 

can be an advantage for undervalued woods by adding an aesthetic contribution. Furthermore, 

the efficiency of treatments over time was confirmed by the means of color analysis and dynamic 
contact angle. The color change was quite stable after aging test. Also, WCA and OCA values were 

acceptable decreasing about 40% and thus the resistance of the synthesized hydrophobic agent 

was proved improving the wood products service life. 
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Abstract
After cellulose, lignin is the second most abundant biopolymer in the vegetable world. Lignin is 

founded in the cell walls of plants and represents 15-40% by dry weight of plant biomass. Since 

lignin is a natural phenolic polymer, it is used in various fields and there are a variety of potential 
products obtainable by chemical modification, including surfactants. In this regard, the technical 
or commercial lignins are of great interest because they represent a byproduct in the production 

of pulp industries for papermaking, which usually is burned to generate power and recover the 

reagents used in the process; however, this byproduct can be harnessed for obtaining aromatic 
derivatives of industrial interest.

To enhance surfactant properties of lignin is necessary to change existing functional groups 

in order to change its hydrophilic-lipophilic balance (HLB). Therefore, the microwave assisted 

chemical modification of lignin was performed by an esterification reaction with alkenylsuccinic 
anhydrides (C

9
, C

12
 and C

16
). The characterization was carried out by Fourier Transform Infrared 

Spectroscopy (FTIR). In the FTIR spectra of lignin derivatives it was observed decreased band 

corresponding to the characteristic hydroxyl groups of the biopolymer (where the reaction occurs), 

and the appearance of the band associated with the carbonyl groups of carboxylic acid and ester 

incorporated into structure by ring opening of the anhydride. On the other hand, the evaluation 

of surfactant properties showed that all the derivatives decreased surface tension of water a 

greater proportion than the starting lignin. The surfactant character of the derivatives obtained 

increases with the number of carbon atoms in the chain alkenyl anhydride incorporated due to 

the hydrophobic effect that makes the derivative migrate to the surface instead of remaining 

within the solution. 

Introduction
Lignin is the most abundant of renewable polymers next to cellulose with a global annual 

production of 50 million tons largely produced from pulping and second generation biofuel 

industries. It is found as a cell wall component in all vascular plants. The lignin content in woody 

stems varies between 15 and 40%. Lignin has a complex chemical structure that is derived from 

phenylpropanoid monomers joined to form a large amorphous net-work polymer. It specific 
structure is highly variable and depends on the specific plant source as well as the extraction 
method. Major differences occur between lignins derived from different pulping processes (1). 

Based on the first full lignin structure proposed by Adler in 1977 (2), lignin is recognized as a highly 
branched polymer with a variety of functional groups: aliphatic and phenolic hydroxyls, carboxylic, 

carbonyl and methoxyl groups. 

The limited supply and increasing cost of surfactants for oil recovery have led to the study 

of renewable resources as sources of oil recovery from the raw material readily available and 

economical, seeking to reduce the environmental impact caused by the pulp and paper industries. 

In this regard, technical or commercial lignins are of great interest because they represent a 

byproduct for pulp and paper industries, which usually is burned to generate energy, and recover 

the reagents used in the process (3).

A variety of potential products can be obtained by chemical modification of lignin, including 
surfactants (4). The available hydroxyl groups on the lignin molecule are reactive, plentiful, and 

local centers of high-polarity susceptible to various chemical reactions. Among all of the reactions 

involving hydroxyl groups of lignin, esterification is probably the easiest to carry out considering 
the reaction parameters and reactants used. Three reagents are used: acidic compounds, acid 

anhydrides and chloride acids. The latter two are the most reactive (5).
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The structural modification of lignin depends on the specific application. For its potential use 
as a surfactant, it is necessary to change the existing functional groups in order to change the 

HLB. In this work, kraft lignin was modified with alkenylsuccinic anhydrides having various chain 
lengths to enhance surface activity. Surface activity was measured as the depression of surface 

tension of water, and the effect of chemical structures of lignin derivatives on the surface activity 

is discussed.

Experimental
Pine kraft lignin (LA) was used as precursors to obtain alkenyl succinates of lignin. In general, the 

hydroxyl groups react with nonenylsuccinic anhydride (NSA, Merck), dodecenylsuccinic anhydride 

(DSA, Aldrich) or hexadecenylsuccinic anhydride (HSA, TCI America) to form the lignin derivatives 

(Figure 1). N,N-Dimethylformamide (DMF, Merck) was used as solvent-catalyst. Reactions were 

assisted by microwave irradiation in a Milestone ETHOS ONE microwave.

 

Figure 1. Reaction of esterification of lignin with alkenyl succinic anhydrides

Table 1 shows the reaction conditions for the modification of lignin with each anhydride to obtain 
the esterified derivatives of lignin: lignol nonenylsuccinate acid (NNSAL), lignol dodecenylsuccinate 
acid (DDSAL) and lignol hexadecenylsuccinate acid (HDSAL). Once the reaction was completed, 

the mixture was washed with distilled water, filtered in a Büchner funnel and 0.1 N HCl solution 
was poured into the filtered solution for precipitation. The obtained dispersion was centrifuged 
and washed with 0.1 N HCl. Finally, the residue was collected and dried in a freeze dryer (Labconco, 

LYPH.LOCK 6) for 24 hours.

Table 1. Reaction conditions to obtain lignin derivatives NNSAL, HDSAL and DDSAL under microwave heating.

Reaction conditions

Derivative T (°C) t (s) P (W) C (mmol)

NNSAL 100 180 600 0,715

DDSAL 80 180 800 0,590

HDSAL 80 90 600 0,370

T= temperature; t= time; P= power; C= anhydride mass by 100 mg of lignin

The esterification reaction was confirmed by FTIR. Analysis was performed using a Perkin Elmer 
Frontier instrument in transmission mode. Surface tension measurements were performed using 

a Du Nouy ring tensiometer. A given amount of lignin derivative was dispersed in a 45% DMF in 

distilled water solution over 24 h equilibration time at room temperature (6). 
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Results and discussion
Infrared spectra of the modified lignin samples were compared to spectra of unmodified lignin to 
stablish the extent of esterification reactions (Figure 2), and the peaks were assigned according 

to published data (7).

 

Figure 2. FTIR spectra of unmodified (LA) and esterified lignins (NNSAL, DDSAL and HDSAL)

The unmodified lignin (LA) exhibited a strong broad band at 3424 cm-1, which is attributed to 

the OH stretching in phenolic and aliphatic structures. Esterification reactions with NSA, DSA y 
HSA resulted in a decrease in the hydroxyl groups of lignin, along with the appearance of major 

absorption bands around 1713 cm-1 (C=O stretch) assigned to carbonyl stretching of ester and 
carboxylic groups in lignin. 

The bands at 2941 and 2846 cm-1, predominantly attributed to C–H vibration in methyl and 

methylene groups of side chains and aromatic methoxyl groups in lignin, increased after DSA 

and HSA modification, whereas no significant increase was observed when treated with NSA 
modification. The bands at 1595, 1510 and 1427 cm-1 are related to the aromatic skeletal vibrations 

in lignin and NNSAL, DDSAL and HDSAL. There was also a significant increase in intensity of ether 
vibration band at 1130 cm-1 after esterification.

According to Figure 3, the surface tension at the air-water interface of starting lignin and NNSAL, 

HDSAL and DDSAL derivatives aqueous solutions decreases with the grown in the concentration. 

Figure 3 also shows that the isotherms of the surface tension of esterified lignins are curves typical 
of polymer-surfactants interactions. There is a break in the surface tension at a concentration 

below the normal critic micellar concentration (CMC), associated with the critical aggregation 

concentration (CAC), which corresponds to the onset of micelle formation on the polymer. As 

more surfactant is added the polymer becomes saturated with surfactant micelles, this causes the 

surface tension to drop below the plateau region in the figure until the surfactant concentration 
is high enough for it to form free micelles (8). 

Although the surface activity of lignin was very limited and could not determine the CMC, all 

esterified derivatives did strongly depress surface tension of DMF-water, and showed clear CMC. 
It can be seen that DDSAL is characterized by the lowest values of surface tension, while the initial 

lignin has the largest values of the surface tension. When DMF-water surface tensions in 10.000 

ppm of lignin or lignin derivative solution were compared, DDSAL showed minimum value (Table 
2) suggesting the derivatization with DSA was more effective to prepare a surfactant than that 

with NSA or HSA. 
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The results suggest that DSA introduction into technical lignins is a very useful and facile 

derivatization to obtain surfactants (9). As show in Table 2, HDSAL exhibited the lowest CMC 

among all the lignin derivatives prepared in this study, although the surface tension was in the 

similar level with DDSAL. 

Table 2. Surface tension and CMC values of Lignin, NNSAL, DDSAL and HDSAL

Surface tension

(mN/m) at 10.000 ppm

CMC

(ppm)

Surface tension

(mN/m) at CMC

Lignin 41,7 ND ND

NNSAL 33,5 625,00 35,8

DDSAL 30,0 195,25 31,7

HDSAL 33,0 156,25 31,7

ND= Not detected

These results indicate that as the anhydride alkenyl chain increases the surface tension decreases. 

These results are associated with the hydrophobic effect present in the derivatives, which in 

this case is higher for the HDSAL; this effect is not given by the attraction between non-polar 
groups, but originates to avoid extremely weak attractive forces between water molecules and 

the hydrophobic chains of the surfactant molecules compared with the strong intermolecular 

interactions between the water molecules. As a result, the system tends to reduce its free energy 

by eliminating the alkyl chains-water contacts, remaining monomers surfactant oriented so that 

the polar head is in contact with the aqueous medium and the hydrophobic tail is in contact with 

the air phase (10).

Figure 3. Surface tension-concentration isotherms for (a) Comparison between unmodified lignin and derivatives. (b) NNSAL (c) DDSAL (d) HDSAL
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The simultaneous presence of the pronounced aromatic hydrophobic fragments and hydrophilic 

ones, containing the enhanced amount of carboxylic group in NNSAL, DDSAL and HDSAL governs 

the high tendency of the modified lignin to self-aggregation and self-organization at the interface 
layers, resulting in more dense packing of the lignin macromolecules in them, leading to lowering 

the surface tension (11).  

Conclusions
The results suggest that NSA, DSA and HSA introduction into technical lignins is a very useful 

and facile derivatization to obtain surfactants, because all esterified derivatives did strongly 
depress surface tension of DMF-water, and showed clear CMC compared to the starting lignin, 

under conditions which the measurements were made. The increase in the number of carbon 

atoms in the anhydride alkenyl chain is an inversely proportional to the surface tension due to the 

hydrophobic effect. 
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Pinus radiata bark extract contains several polyphenolic compounds with bioactive properties. 

Previous studies in our laboratory have shown a potent in vitro antioxidant activity of these 

extracts [1]; these properties, coupled with the lack of toxicity of the extracts, suggest a potential 
use in phytopharmaceutical applications. However, the direct application of the pine extracts 

in oral pharmaceutical formulations is limited because of their instability in the digestive tract 

environment. To overcome this limitation, the microencapsulation process promises to be the 

solution to allow oral intake.

The objective of this study was to stabilize phenolic extracts obtained from Pinus radiata bark 

by microencapsulation, using the spray drying method and to evaluate the influence of the 
polysaccharide type on the physical and chemical characteristic of the particles.

The microparticles were elaborated using alginate and maltodextrin as encapsulating agents in 

different proportions (0, 25, 50, 75 and 100%); the selection of these polymers was due to their 
proved high encapsulation efficiency and metabolic safety in the host organism. Water was used 
as the solvent, with an initial charge of 10% extract in a laboratory spray dryer (Büchi B-290). The 

obtained particulates were characterized in their size distribution (Microtracks 3500, based on 

laser diffraction), morphology (visualized by scanning electron microscopy (SEM)), process yield 

(mass %), encapsulation efficiency (total phenols by Folin Ciocalteau), antioxidant capacity (DPPH), 
residual moisture and density.

The results where spherical monodisperse microparticles (Figure 1), with smooth or rough surface, 

depending upon the predominant excipient (alginate or maltodextrin), respectively. The average 

diameters range varied from 1.01 and 4.03 µm depending on the evaluated proportions. While the 

process yield range was 58.5 to 72 depending on each combination; which was better than reported 
levels for pilot scale production [2]. The encapsulation efficiencies ranged from 73.76 to 92.68%. 
Residual moisture and density ranged from 1.53 to 8.84% and 0.378 to 0.444 g/mL respectively. 

Measurements had variation coefficients of less than 3%, except for the size distributions, due to 
the production method of the microparticles by the spray dryer technique.

Thus, we conclude that is feasible to produce microparticles with high entrapment efficiency 
levels of phenolic extracts of Pinus radiata bark and with consistent characteristics of size for 

future oral administration.
 

Introduction 
Pinus radiata bark is an industrial by-product of the forestall industry with low commercial value, 

its main application today to fuel industrial boilers to generate electric energy. Another application 

to this material could be the production of high value extracts rich in phenolic compounds.  Pinus 

radiata bark extract contains several polyphenolic compounds with bioactive properties which 

can be used as therapeutic agents in the prevention and treatment of different diseases. Previous 

studies in our laboratory have shown a potent in vitro antioxidant activity of these extracts [1]; 
these properties, coupled with the lack of toxicity of the extracts, suggest a potential use in 

phytopharmaceutical applications. 

However, the direct application of the pine extracts in oral pharmaceutical formulations is limited 

because of their instability in the digestive tract environment and limited solubility. To overcome 

this limitation, the microencapsulation process promises to be the solution to allow oral intake. 

There are several biocompatible polymers, as maltodextrin and alginate that have been extensively 

studied as encapsulating agents. 
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The objective of this study was to stabilize phenolic extracts obtained from Pinus radiata bark 

by microencapsulation, using the spray drying method and to evaluate the influence of the 
polysaccharide type on the physical and chemical characteristic of the particles.

Experimental Methods
Microcapsules synthesis

Microencapsulation process was made using the spray dryer method, using a Büchi B-290 system 

(Mini spray dryer). Maltodextrin (Sigma Aldrich, USA) with a number of dextrose equivalents equal 

to twenty (DE 20) and medium viscosity alginate (Sigma Aldrich, USA) were used as encapsulating 

agents in different proportions (0, 25, 50, 75 and 100% w/w); this selection of polymers was 
due to their proved high encapsulation efficiency and metabolic safety in the host organism. 5 
microencapsulation formulations were developed using polymers alone or in combination 3: 1, 1: 

1 and 1: 3% w/w. Ultrapure water was used as solvent, with an initial charge of 10% of extract with 

a total solids loading of 4 g/L. 

Microcapsules characterization

Size distribution and morphology 

Size distribution was determined by a laser diffraction based method, using a Microtrac® S3500 

system. The microparticle morphology determination was done by electron microscopy surface 

(SEM). An scanning electron microscope (JEOL JSM-6380 LV, Japan 2004) equipped with an 

X-Sight 7582 Inca operating at an acceleration voltage of 20 kV was used. The microparticles were 

bonded to a carbon layer (NEM TAPE, Nisshin EM.CO., LTD) and covered with a layer of gold using 

a metallizer (Edwards Sputter Coater S 150, US 1980).

Process yield and encapsulation efficiency 
The process yield was calculated using the percentage relation of the initial mass of solids and 

the obtained mass of microcapsules. For the determination of the percentage entrapment 

efficiency (%EE) was necessary to liberate the extract by a thermic and ultrasonic treatment. 
Later the %EE was calculated as the difference between the total extract amount used to prepare 

the particles and the ones found in the supernatant. These amounts were determined by total 

phenols, obtained by Folin Ciocalteu assay [2] of the supernatant using a UV Spectrophotometer 

(Techcomp, UV2300 Spectrophotometer, China) at 765 nm, in mg gallic acid equivalents.

Residual moisture and density determination.

Formulation’s humidity was determined using the Loss on drying technique in which a known mass 

of the formulations are placed in a dry weighing bottle and dried in an oven at 105 °C for 2 h or until 

reaching a constant weight. Once cool it is weighed to determine the mass loss corresponding 

to moisture. Density was determined by the settlement, technique. A test tube was gauged by 

hitting it ten times against a flat surface, and the mass and volume were measured. The density 
was obtained with the difference between the weight of the flask containing the sample and 
vacuum, divided by the volume.

Antioxidant capacity determination (%AA), 

The antioxidant capacity (%AA) of the microencapsulated extract was determined using the 

reduction of 2,2-diphenyl-1-picrylhydrazyl (DPPH •; Sigma Aldrich 217591-8). For this, the extracted 
extracts from the microcapsules reactivity was determined with a methanolic solution of DPPH 

0.1 mM; after 30 min the absorbance was measured at 517 nm and the AA% was determined. As a 
positive control a pure extract solution of 0.1 g / L was used.

Statistical Analysis 

All experimental design analyses were performed in duplicate. The spectrophotometric 

determinations were performed in triplicate, and the arithmetic means were expressed with 

the standard deviation. Statgraphics® Plus 4.1 software was used with a statistically significant 
average of p≤0.05.
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Results and discussion 
The results where spherical monodisperse microparticles (Figure 1), with smooth or rough 

surface, depending upon the predominant excipient (alginate or maltodextrin), respectively. The 

alginate microparticle (Figure 1A) sample analyzed by SEM highlights the characteristic spherical 

morphology of the polymer, and a smooth and striated surface, which is expected to improve the 

dissemination. Figure 1B shows the characteristics of the microparticles made with maltodextrin, 

with an amorphous morphology, rough and no striated surface, this aspect is expected to generate 

better diffusion compared to alginate, by generating larger contact area.

 

Figure 1. SEM images of alginate and maltodextrin microparticles. Images obtained by SEM of microparticles containing P. radiate bark extract, 

elaborated using (A) alginate and (B) maltodextrin as encapsulating polymer. 

 

 

 

 
Figure 2. Effect of polymers proportions in the average particle diameter

The average diameters (Figure 2) range varied from 1.01 and 4.03 µm depending on the evaluated 

proportions; this drastic variation between polymers combinations, didn’t displayed a linear 
relationship between them. In this case maltodextrin presents smaller diameters which would 

improve intestinal diffusion due to the increased contact area. These results correlates directly 

related to the density values. 

 

 

 

          Figure 3. Effect of polymers proportions on process yield                      Figure 4. Effect of polymers proportions on encapsulation efficiency  
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While the process yield range was 58.5 to 72 depending on each combination (Figure 3); 
performance values over 60% are above the reported at laboratory scale [3], which allows to 

predict optimum results for the scalability of the process. Apparently, the polymers combination 

increases the process yield. The encapsulation efficiencies ranged from 73.76 to 92.68% (Figure 
4), reaching optimum encapsulation efficiencies values in pure polymers, which suggest that the 
polymers combination would be detrimental to the efficiency, being alginate which has better 
features.

 

 

 

Figure 6. Effect of polymers proportions on density.                                    Figure 7. Effect of polymers proportions on humidity. 
 

Densities ranged from 0.378 to 0.444 g/mL (Figure 6), these values allows marine implementation 

of these microparticles due its density lower than water (buoyancy).Residual moisture ranged 

from 1.53 to 8.84% (Figure 7). Environmental moisture protection of the extract is one aim of the 

encapsulation process. Maltodextrin in combination with alginate in proportions 1: 3 achieved the 

best results of humidity, which would ensure the stability of the extract in time. 

The methodologies applied in this study showed variation coefficients of less than 3%. The only 
exception was the size distributions, which could be explained due the production method of the 

microparticles by the spray dryer technique.

Conclusions 

Thus, we conclude that is feasible to produce microparticles with high levels of efficiency of 
entrapment of the active ingredient and with consistent characteristics of size for a future oral 

administration. In general, for the optimization of the process both the use of pure polymers (both 

alginate and maltodextrin) showed better characteristics than in combination.
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