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ABSTRACT 

The building sector shows growing interest in biobased building materials. Wood components, 
here defined as ground or milled wood, i.e. by-products (residuals/residues) from wood 
processing, such as sawdust or shavings, are valuable raw materials for new types of durable 
biocomposites suitable for outdoor building applications. An important research question 
related to such composites is how to characterise and enhance molecular interactions, i.e. 
adhesion properties, between wood and binder components. Another challenge is the 
hygroscopicity of the wood component, which can lead to dimensional changes and 
interfacial cracks during exposure to varying moisture conditions. Thermal modification of 
wood reduces its hygroscopicity, thereby, increasing its durability, e.g. its dimensional 
stability and resistance to biodeterioration. The hypothesis is that the use of thermally 
modified wood (TMW) components in biocomposites can enhance their durability properties 
and, at the same time, increase the value of residues from TMW processing.  

The main objective of this thesis is to study and analyse the surface and sorption 
properties of TMW components using inverse gas chromatography (IGC), dynamic vapour 
sorption (DVS), X-ray photoelectron spectroscopy (XPS), and the multicycle Wilhelmy plate 
method. The aim is to gain a better understanding of the surface and sorption characteristics of 
TMW components to enable the design of optimal adhesion properties and material 
combinations (compatibility) for use in biocomposites, especially suitable for outdoor and 
moist building material applications. Samples of TMW and unmodified wood (UW) 
components of Norway spruce (Picea abies Karst.) and Scots pine (Pinus sylvestris L.) 
heartwood were prepared and analysed with respect to surface energetics, hygroscopicity, 
liquid sorption and resulting swelling. The work also included analysis of surface chemical 
composition, as well as influences of extractives and moisture sorption history. The effect of 
using TMW components in a wood plastic composite (WPC) exposed to a series of soaking-
drying cycles in water was studied with a focus on water sorption, swelling and 
micromorphological changes.  

The IGC analyses indicate that TMW components of spruce have a more heterogeneous 
surface energy character, i.e. a distinctly higher dispersive part of surface energy for low 
surface coverages, than do UW components. This is suggested to be due to the higher 
percentage of hydrophobic extractives present in TMW samples. Lewis acid-base analysis 
indicates that both UW and TMW components from spruce have a predominantly basic 
character and an enhanced basicity for the latter ones. Results show that both the 
hygroscopicity and water liquid uptake are lower for TMW than for UW samples. 
Unexpectedly, a significantly lower rate of water uptake was found for the extracted UW of 
pine heartwood than for non-extracted samples. In the former case, this is presumably due to 
contamination effects from water-soluble extractives, which increase capillary flow into wood 
voids, as proven by a decrease in water surface tension. Water uptake as well as swelling was 
significantly reduced for the WPCs with TMW and hot-water extracted UW components 
compared with the WPCs with UW components. This reduction also resulted in fewer wood 
component-polymer interfacial cracks in the WPCs with the modified wood components. 

Keywords: Thermally modified wood (TMW) components, surface properties, inverse gas 
chromatography (IGC), water sorption, dynamic vapour sorption (DVS) 
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SAMMANFATTNING (IN SWEDISH) 

Det finns ett växande intresse inom byggsektorn att öka användningen av trä- och biobaserade 
byggnadsmaterial. Spån, det vill säga biprodukter från olika träbearbetningsprocesser, kan i 
detta fall vara värdefulla resurser för tillverkning av nya typer av beständiga 
biokompositmaterial för utomhusanvändning. En viktig forskningsfråga relaterad till sådana 
träbaserade biokompositer är hur den molekylära interaktionen och adhesionen mellan olika 
komponenter i kompositen kan karakteriseras och förbättras. En annan utmaning gäller träets 
hygroskopiska egenskaper, alltså dess fuktkänslighet, som vid fuktexponering kan leda till 
dimensionsförändringar och gränsskiktssprickor i kompositmaterialet. Termisk modifiering 
(eller värmebehandling) av trä är en metod som används för att minska träets fuktkänslighet, 
vilket också leder till förbättrad dimensionsstabilitet och motståndskraft mot biologisk 
nedbrytning. En hypotes är att användandet av värmebehandlat spån i biokompositmaterial 
kan förbättra beständigheten och samtidigt ge ett ökat värde för biprodukter från 
träbearbetningsprocesser av värmebehandlat trä.  
 Huvudsyftet med denna avhandling är att studera och analysera yt- och 
sorptionsegenskaper för värmebehandlat spån med hjälp av omvänd (invers) gaskromatografi 
(IGC), dynamisk ångsorption (DVS), röntgenfotoelektronspektroskopi (XPS) och en 
flercyklig Wilhelmymetod. Det specifika målet är att få en ökad förståelse för yt- och 
sorptionsegenskaper av värmebehandlat spån för att kunna optimera adhesions- och 
kompatibilitetsegenskaper av sådana spån i ett biokompositmaterial som utsätts för fukt i 
utomhusmiljö. Ytenergi, hygroskopicitet, vätskeupptag och svällning analyserades för 
värmebehandlat och obehandlat spån av gran (Picea abies Karst.) och furukärna (Pinus 
sylvestris L.). Dessutom analyserades ytornas kemiska sammansättning och påverkan av 
extraktivämnen och sorptionshistorik. Även kompositmaterial, så kallad trä-
termoplastkomposit (eng. WPC), med värmebehandlat spån exponerat för cykler av 
uppfuktning/torkning i vatten studerades med avseende på vattenupptag, svällning och 
mikromorfologi. 
 IGC-analyserna av värmebehandlade granspån visar på en mer heterogen ytenergi, det 
vill säga markant högre värden för den dispersiva delen av ytenergin vid lägre andel sorption 
av ytan, jämfört med obehandlat spån, vilket föreslås bero på en högre andel hydrofoba 
extraktivämnen vid ytan för värmebehandlat spån. Analys av Lewis syra-basegenskaper 
visade på en dominerande basisk karaktär både för obehandlat och värmebehandlat spån men 
högst för det värmebehandlade. Hygroskopiciteten och vattenupptaget minskade för 
värmbehandlat spån jämfört med obehandlat men oväntade resultat visade på ett minskat 
vattenupptag för obehandlad men extraherad furu (kärnved) jämfört med oextraherad. 
Anledningen till detta beror antagligen på en kontamineringseffekt från vattenlösliga 
extraktivämnen som i sin tur leder till ett ökat kapillärt flöde i cellhåligheterna, vilket visade 
sig i form av en minskad ytspänning. Vattenupptag och vattenupptagshastigheten samt 
svällning minskade för trä-plastkompositerna med värmebehandlat och obehandlat 
varmvattenextraherat träspån i jämförelse med kompositer med obehandlat träspån. Detta 
resulterade även i minskad sprickbildning i gränsskikt mellan träspån och plastmatrisen. De 
viskoelastiska egenskaperna påverkades i huvudsak av storleksfördelning på träspånen. 

 



vi 

  



vii 

PREFACE 

This doctoral thesis was carried out at KTH, Department of Civil and Architectural 
Engineering, Division of Building Materials, in Stockholm and is part of a research program 
(EnWoBio - Engineered Wood and Biobased Building Materials Laboratory) at KTH Building 
Materials with the aim to develop new biobased building materials. The main financers are the 
Swedish Research Council Formas, Stiftelsen Nils och Dorthi Troëdsson as well as KTH. 

First of all, I would like to thank my supervisors for supporting me in this thesis work and for 
contributing with their knowledge. Primarily, I would like express my gratitude and 
appreciation to my main supervisor Prof Magnus Wålinder for great guidance and support 
during my PhD studies. He also introduced me to the world of wood science and guided me in 
how to write scientific articles. I thank my co-supervisor Dr Kristoffer Segerholm for good 
discussions and valuable advice and assistance with experimental setup; my co-supervisor Dr 
Dennis Jones for helping me to expand my scientific network and encouraging me to go to my 
first conference; and my co-supervisor Dr Kristiina Lillqvist for always helping out with good 
ideas and solutions and for great team work in the lab. 

I also want to thank colleagues at RISE Research Institutes of Sweden: Dr Marielle 
Henriksson and Dr Sara Olsson for assisting me in using lab equipment, and Joachim Seltman 
for sample preparation. I want to thank Dr Maziar Sedighi Moghaddam at RISE/KTH for 
providing knowledge and assistance in performing lab measurements. Thanks to Hans 
Hortans at KTH for valuable discussions and input on my work. 

I would like to thank all my colleagues and PhD student colleagues at the Department of Civil 
and Architectural Engineering for making these years enjoyable and memorable. A special 
thanks to Stefan Trillkott, who always helped out with issues in the lab. I am also very 
grateful for the teaching opportunity and experience I gained during these years and I want to 
thank Rickard Bellander for good co-operation and for his inspiring and positive teaching 
approach. 

Financial support from the Swedish Research Council Formas (Project EnWoBio 2014-172), 
Stiftelsen Nils och Dorthi Troëdssons forskningsfond (Prokejtnr 793/12 Hydro-termo-
mekanisk  modifiering av  trä), and KTH is hereby gratefully acknowledged. The EcoBuild 
Institute Excellence Centre (RISE Research Institutes of Sweden) is also acknowledged. 
Financial support from the European Cooperation in Science & Technology (COST) Action 
FP0904, gave me the possibility to do a Short-Term Scientific Mission (STSM) at Aalto 
University, Forest Products Department in Espoo, Finland, where I would like to thank Prof 
Lauri Rautkari, Dr Leena-Sisko Johansson and Dr Joseph Campbell.  

Another COST Action FP1303 sponsored an STSM at Göttingen University, Department of 
Wood Biology & Wood Products in Göttingen, Germany, and I would like to thank 
Dr Michael Altgen and Prof Holger Militz. Financial support from the Northern European 
Network for Wood Science and Engineering (WSE) sponsored several visits to the Forest 
Products Department and the Department of Chemical and Metallurgical Engineering, Aalto 
University, to perform lab work for my last paper, where I would also like to thank Steven 
Spoljaric. Thanks also to Stora Enso, Heatwood AB, AB Karl Hedin and OFK Plast AB for 



viii 

providing material. I thank the people at Surface Measurement Systems for support and 
guidance with the inverse gas chromatography equipment. 

Lastly, I want to thank family and friends and express my deepest gratitude and innumerable 
thanks to Dawid ♥ for his love and great support during the years, and for always being there. 

 

 

Stockholm, August 2018  

Susanna Källbom 

  



ix 

LIST OF PAPERS 

This doctoral thesis is based on the following five appended papers, which in the text are 
referred to by their Roman numbers: 

I. Källbom, S., Wålinder, M.E.P., Segerholm, B.K. and Jones, D. (2015). Surface 
energy characterization of thermally modified spruce using inverse gas 
chromatography under cyclic humidity conditions. Wood and Fiber Science 47(4), 
410-420. 
 

II. Källbom, S., Rautkari, L., Wålinder, M.E.P., Johansson, L.-S., Campbell, J., 
Segerholm, B.K. and Jones, D. (2016b). Water vapour sorption characteristics and 
surface chemical composition of thermally modified spruce. International Wood 
products Journal 7(3), 116-123. 
https://www.tandfonline.com/doi/abs/10.1080/20426445.2016.1160590 

 
III. Källbom, S., Sedighi Moghaddam, M. & Wålinder, M.E.P. (2017). Liquid 

sorption, swelling and surface energy properties of unmodified and thermally 
modified Scots pine heartwood after extraction. Holzforschung 72(3), 251-258. 
https://doi.org/10.1515/hf-2017-0064 

 
IV. Källbom, S., Altgen, M., Militz, H. & Wålinder, M.E.P. (2018a). Sorption and 

surface energy properties of thermally modified spruce wood components. Wood 
and Fiber Science 50(3), 346-357. 

 
V. Källbom, S., Lillqvist, K., Spoljaric, S., Säppälä, J., Segerholm, B.K., Rautkari, L., 

Hughes, M. & Wålinder M.E.P. (2018b). Wood plastic composites made from 
thermally modified spruce wood components and effects of exposure to water-
soaking-drying cycles. [Submitted manuscript]. 

Contribution to the appended papers 

Paper I: Källbom planned and carried out the experiments, interpreted the results and wrote 
the manuscript, all with supervision by the co-authors Wålinder, Segerholm and Jones. 

Paper II: Källbom, in co-operation with the co-authors Rautkari, Johansson and Campbell, 
planned and carried out the experiments, interpreted the results and wrote the manuscript, all 
with supervision by the co-authors Wålinder, Segerholm and Jones. 

Paper III: Källbom planned and carried out the extraction and chemical analysis, Källbom and 
Sedighi Moghaddam planned and carried out the wetting experiments, interpreted the results 
and wrote the manuscript together with Wålinder. 

Paper IV: Källbom and Altgen planned and carried out the thermal modification, Altgen 
performed the sorption measurement and analysis and Källbom performed the surface energy 
property measurements and analysis. Källbom wrote the manuscript together with Altgen, 
Militz and Wålinder. 



x 

Paper V: Källbom and Lillqvist defined the research plan and performed the liquid hot-water 
extraction. Lillqvist performed the thermal modification. Källbom, Lillqvist and Spoljaric 
made the composites. Lillqvist and Spoljaric carried out the DMA analysis. Källbom carried 
out the water sorption and morphology analysis. Seppälä provided the equipment for 
composite making. The results were interpreted by Källbom, Lillqvist, Spoljaric, Segerholm, 
Rautkari, Hughes and Wålinder. Källbom wrote the manuscript with supervision by the co-
authors.  

Other published research contributions related to the topic of this thesis: 

Källbom, S., Wålinder, M., Segerholm, K. and Jones, D. (2013). Physico-chemical 
characterization of THM modified wood using inverse gas chromatography (IGC). Poster 
and oral presentation. In: Book of Abstracts of the 3rd COST Action FP0904 Conference 
“Evaluation, processing and prediction of THM treated wood behaviour by experimental 
and numerical methods”. Popescu, C.-M. and Popescu, M.-C. eds., ISBN: 978-973-702-
990-4. 2013, April 9–11, Institute of Macromolecular Chemistry of Romanian Academy 
Iaşi, Romania, pp. 35–36. 

Källbom, S., Segerholm, K., Jones, D. and Wålinder, M. (2013). Surface energy 
characterization of thermally modified wood using inverse gas chromatography. Poster 
presentation. In: Proceedings IRG Annual Meeting. The 44th Annual Meeting of the 
International Research Group on Wood Preservation. ISSN 2000-8953. IRG/WP 13-
20532. 2013, June 16–20, KTH Royal Institute of Technology, Stockholm, Sweden, 6 pp. 

Källbom, S., Segerholm, K., Jones, D. and Wålinder, M. (2013). Surface energy 
characterization at different moisture levels of thermally modified wood using inverse gas 
chromatography. Oral presentation. In: Proceedings of the 9th meeting of the Northern 
European Network for Wood Science and Engineering (WSE). Brischke, C. and Meyer, 
L. eds., 2013, September 11–12, University of Hannover, Hannover, Germany, pp. 130–
135. 

Källbom, S., Segerholm, K., Jones, D. and Wålinder, M. (2014). Surface energy 
characterization of thermally modified wood particles exposed to humidity cycling using 
inverse gas chromatography. Poster presentation. In: Book of Abstracts of the Seventh 
European Conference on Wood Modification (ECWM7). Nunes, L., Jones, D., Hill, C. 
and Militz, H. eds., ISBN 978-972-49-2267-6. 2014, March 10-12, National Laboratory 
for Civil Engineering (LNEC), Lisbon, Portugal, pp. 137-138. 

Källbom, S., Rautkari, L., Wålinder, M., Jones, D. and Segerholm, K. (2014). Water vapour 
sorption properties and surface chemical analysis of thermally modified wood particles. 
Oral presentation. In: Book of Abstracts of the final meeting of COST Action FP0904 
Conference “Recent Advances in the field of TH and THM Wood Treatment”. ISBN 
978-91-7439-937-0 (print), ISBN 978-91-7439-937-7 (pdf), 2014, May 19-21, Luleå 
University of Technology, Skellefteå, Sweden, pp. 89-90. 

 



xi 

Källbom, S., Ormondroyd, G., Segerholm, K., Jones, D. and Wålinder, M. (2014). Surface 
energy characteristics of refined fibres at different pressures. Oral presentation. In: 
Proceedings of the 10th Annual Meeting of the Northern European Network for Wood 
Science & Engineering (WSE). Wilson, P. eds., 2014, October 13-14, Institute for 
Sustainable Construction, Edinburgh, United Kingdom, pp. 134-138. 

Källbom, S., Rautkari, L., Johansson, L.-S., Wålinder, M.E.P., Segerholm, B.K., Jones, D. 
and Laine, K. (2015). Surface chemical analysis and water vapour sorption of thermally 
modified wood exposed to increased relative humidity. In: Proceedings of the Eight 
European Conference on Wood Modification (ECWM8). Hughes, M., Rautkari, L., 
Uimonen, T. and Militz, H. eds., 2015 October 26-27, Helsinki, Finland, pp.90-91. 

Laine, K., Segerholm, B.K., Wålinder, M.E.P., Rautkari, L., Hughes, M., Källbom, S. and 
Jones, D. (2015). Hardness, set-recovery and micromorphology studies of densified and 
thermally modified wood. In: Proceedings of the Eight European Conference on Wood 
Modification (ECWM8). In: Hughes, M., Rautkari, L., Uimonen, T. and Militz, H. eds., 
2015, October 26-27, Helsinki, Finland, pp. 92-93. 

Källbom, S. (2015). Surface characterisation of thermally modified spruce wood and 
influence of water vapour sorption. [Licentiate thesis]. KTH Royal Institute of 
Technology, Stockholm, Sweden. 

Källbom, S., Laine, K., Sedighi Moghaddam, M., Rohumaa, A., Segerholm, B.K. and  
Wålinder, M.E.P. (2016). The influence of log soaking temperature and thermal 
modification on the properties of birch veneers. In: Proceedings IRG Annual Meeting. 
The 47th Annual Meeting of the International Research Group on Wood Preservation. 
ISSN 2000-8953. IRG/WP 16-40749. May 15–19, Lisbon, Portugal, 11 pp. 

Källbom, S.K., Sedighi Moghaddam, M., Segerholm, B.K., Jones, D. and Wålinder, M.E.P. 
(2016). Extractives influence on the wettability and swelling of thermally modified scots 
pine. In: Proceedings of the 12th Annual Meeting of the Northern European Network for 
Wood Science & Engineering (WSE). September 12-13, Riga, Latvia, pp. 152-157. 

Källbom, S.K., Altgen, M., Segerholm, K., Jones, D., Militz, H. and Wålinder, M. (2017). 
Water vapour sorption characteristics of thermally modified Norway spruce particles. In: 
Book of Abstracts of the COST Action FP1303 meeting “Design, Application and 
Aesthetics of biobased building materials”. ISBN 978-619-160-758-7. 2017, Feb 28 – 
March 1, Vitosha Park Hotel, Sofia, Bulgaria, pp. 84-85. 

Ormondroyd, G.A., Källbom, S.K., Curling, S.F., Stefanowski, B.K., Segerholm B.K., 
Wålinder, M.E.P. and Jones, D. (2017). Water sorption, surface structure and surface 
energy characteristics of wood composite fibres refined at different pressures. Wood 
Material Science and Engineering 12(4):203-210.  

   DOI:10.1080/17480272.2016.1150343. 

 



xii 

Lillqvist, K., Källbom, S., Altgen, M., Belt, T. and Rautkari, L. (2018). Water vapour sorption 
properties of thermally modified and hot-water extracted wood powder. [Manuscript]. 

Källbom, S., Lillqvist, K., Spoljaric, S., Segerholm, K., Rautkari, L., Hughes, M. & Wålinder, 
M. (2018). Effect of water-soaking-drying cycles on WPCs with thermally modified 
wood components. In: Proceedings of the 14th Annual Meeting of the Northern European 
Network for Wood Science & Engineering (WSE). October 2-3, Tallinn, Estonia, [In 
press]. 

 

  



xiii 

SUMMARY OF PAPERS 

Table 1 presents an overview of the raw materials, processing and sample preparation 
methods, characterisation methods and evaluated properties in the appended papers. 
 
Paper I (Källbom et al., 2015) 
The surface energy of unmodified wood (UW) and thermally modified wood (TMW) 
components from spruce was studied both at dry (0% relative humidity (RH)) and moist (75% 
RH) conditions using inverse gas chromatography (IGC). The component length and 
micromorphology were determined using FiberLab and scanning electron microscopy (SEM), 
respectively. The results indicated an increase in the heterogeneity of the dispersive surface 
energy of the TMW compared with UW components. This increase was suggested to be 
caused by chemical changes of the wood substance related to the grinding process and/or 
redistribution of wood extractives. The increased RH condition had a minor effect on the 
dispersive part of the surface energy. 

Paper II (Källbom et al., 2016b) 
The water vapour sorption properties and surface chemical composition were studied for 
unmodified wood (UW) and thermally modified wood (TMW) components from spruce, both 
non-exposed and previously exposed to increased relative humidity (RH) conditions (75% 
RH). Water vapour sorption characteristics of the components were determined using a 
dynamic vapour sorption (DVS) technique. The surface chemical composition of small 
veneers of the same batch as the components was analysed using X-ray photoelectron 
spectroscopy (XPS). One sample group set was extracted with acetone prior to the XPS 
analysis. Results indicated that water vapour sorption was significantly reduced for TMW 
compared with UW components. The pre-exposed TMW component samples showed a 
decrease in sorption isotherm hysteresis while the UW sample showed an increase in sorption 
isotherm hysteresis, compared to its non-exposed reference. The surface chemical analysis 
with XPS showed a decrease in acetone extractable matter or volatiles for samples previously 
exposed to increased RH conditions. At the same time, a relative increase in non-extractable 
compounds was observed. 

Paper III (Källbom et al., 2017) 
The effect of extractives removal on the liquid sorption, swelling and surface energy 
properties of unmodified wood (UW) and thermally modified wood (TMW) veneers from 
Scots pine heartwood was studied. The extraction was performed using a Soxtec procedure 
using a series of solvents (distilled water, acetone and ethanol/toluene). The analytical 
methods applied were the multicycle Wilhelmy plate method, inverse gas chromatography 
(IGC) and Fourier transform infrared (FTIR) spectroscopy. Unforeseen results showed a 
significantly lower rate of water uptake for the extracted UW samples than for the non-
extracted samples. This was due to a contamination effect during the water uptake 
measurements for the non-extracted samples which was proven by a decrease in the water 
surface tension that increases the rate of the capillary flow into the voids of the wood. No 
such effect was observed for the TMW samples. As a result of extraction, the rate of swelling 
in water increased 1.7 times for the UW and 3 times for the TMW samples. The dispersive 
part of the surface energy was lower for the extracted TMW samples than for the other sample 
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groups, which indicates that the extractives were almost completely removed. The FTIR 
analysis of the extracts showed not only phenolic compounds but also resin acids and 
aliphatic compounds. 
 
Paper IV (Källbom et al., 2018a) 
Water vapour sorption and surface energy properties were analysed for unmodified wood 
(UW) and thermally modified wood (TMW) components from spruce. The thermal 
modification was performed on the components (residuals from wood processing in the form 
of sawdust) using a steam-pressurized laboratory-scale reactor at different temperature and 
relative humidity (RH) conditions; TMW150 (150°C and RH=100%) and TMW180 (180°C 
and RH=46%). The water vapour sorption isotherms were analysed using a dynamic vapour 
sorption (DVS) technique in the RH range 0-95% for three cycles. Inverse gas 
chromatography (IGC) was used to study the dispersive and acid-base characteristics of the 
surface energy. The results showed a pronounced reduction in the water vapour sorption 
properties as a result of the thermal modification. The equilibrium moisture content (EMC) 
was lower for the TMW180 than for the TMW150 samples, and an overall decrease in the 
EMC ratio (in relation to UW) was observed at higher RH for both TMW samples. The IGC 
results indicated a small increase in the dispersive contribution to surface energy for TMW 
compared with UW samples. The acid-base properties showed a higher basic than acidic 
contribution to surface energy for all the samples (higher KB than KA number), and slightly 
higher KB number for the TMW than for the UW samples. 
 
Paper V (Källbom et al., 2018b) 
Unmodified wood (UW) and thermally modified wood (TMW) components from spruce were 
mixed with polypropylene (PP) and a compatibilizer, namely maleated polypropylene 
(MAPP) and pressed to wood plastic composites (WPCs). Two different size fractions; a 
larger (0.40-0.63 mm) and a smaller (0.20-0.40 mm), were analysed using a Mastersizer 
device. One sample set of components was also hot-water extracted. The WPCs were exposed 
to several water soaking-drying cycles for an analysis of water uptake and dimensional 
stability. The micromorphology after soaking-drying was studied using scanning electron 
microscopy (SEM). The mechanical and viscoelastic behaviour was studied using dynamic 
mechanical analysis (DMA). The results showed significantly reduced water absorption for 
WPCs with TMW compared with UW components. The WPCs with hot-water extracted UW 
and TMW components showed reduced water absorption, however much more pronounced 
for the first ones. The thickness swelling was reduced for WPCs with extracted UW 
components and much reduced for WPCs with TMW components compared with WPCs with 
UW components. This was also confirmed with the microscopic images. The storage and loss 
moduli showed higher values for WPCs with UW smaller size fraction components than for 
larger size fraction components. This was probably due to the better dispersion and increased 
interfacial interaction that are linked to the wood component size. WPCs showed an overall 
reduction in the moduli for WPCs with extracted and TMW components compared with the 
WPC with UW components. 
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Table 1. Overview of raw materials, processing and sample preparation methods characterisation methods and 
evaluated properties in the appended papers. 

Papers 

Materials and methods 
Evaluated 
properties Raw 

materials 
Processing and 
sample 
preparation 

Characterisation 
method 

Paper I UW and 
TMW spruce 
boards 

Milling and 
sieving into wood 
components 

IGC, SEM, 
FiberLab 

Component size, 
morphology, 
surface area, 
dispersive surface 
energy  

Paper II UW and 
TMW spruce 
boards 

Milling and 
sieving into wood 
components. 
(Veneers for XPS) 

DVS, XPS Surface chemical 
composition, water 
vapour sorption 
properties 

Paper III UW and 
TMW pine 
heartwood 
boards 

Sawing and 
cutting with chisel 
into wood veneers 
and strips. 
Extraction with 
water, acetone, 
ethanol/toluene 

Wilhelmy plate, 
IGC, FTIR 

Influence of 
extractives on 
sorption and surface 
properties 

Paper IV UW spruce 
sawdust 

Thermal 
modification of 
sawdust (wood 
components) 

DVS, IGC Water vapour 
sorption, surface 
area, surface energy, 
acid-base properties 

Paper V UW and 
TMW spruce 
boards, 
polypropylene 

Milling and 
sieving into wood 
components. Hot-
plate press of 
WPC. Liquid hot-
water extraction. 
UV-laser ablation 

Mastersizer, 
water soaking-
drying, SEM, 
DMA 

Component size, 
water uptake, 
dimensional 
stability, 
micromorphology, 
dynamic 
mechanical 
properties 
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LIST OF ABREVIATIONS 

BET BET (Brunauer, Emmet and Teller) specific surface area 

DMA Dynamic mechanical analysis 

DVS Dynamic vapour sorption 

EMC Equilibrium moisture content 

FTIR Fourier transform infrared spectroscopy 

IGC Inverse gas chromatography 

MAPP Maleated polypropylene 

MC Moisture content 

PP Polypropylene 

RH Relative humidity 

SEM Scanning electron microscopy 

TMW Thermally modified wood 

UW Unmodified wood 

XPS X-ray photoelectron spectroscopy 
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1. INTRODUCTION 

1.1. Context 

There is growing interest and demand for wood and biobased building materials in the 
building sector, both for load-bearing and for non-load bearing purposes. New types of 
biocomposites manufactured from wood processing by-products or residuals are being 
developed to meet the demand of the latter for a more sustainable built environment (Jones & 
Brischke, 2017). However, most of the by-products in the wood processing industry, e.g. 
sawdust or wood chips, are currently not fully exploited since there are few examples of 
commercial added-value building material applications in Sweden. Thus, these by-products 
are normally valorised through energy or pulp production. 

The primary motive of this thesis is to increase the understanding of the material 
characteristics of wood processing by-products, so-called wood components, to enable 
knowledge-based design of their use as components in new types of biobased building 
materials, especially so-called biocomposites. The target application area is outdoor building 
materials or systems such as facades/claddings, roof panels and window frames. The added-
value concept is valid not only for conventional untreated wood but also for wood products 
that have undergone various modifications, e.g. thermal modification. Various important 
properties of thermally modified wood (TMW) components, involving surface properties, 
water and moisture sorption, and the influence of wood extractives form the research basis for 
acquiring more knowledge to design efficient uses of such TMW components in composite 
materials, e.g. wood plastic composites (WPCs). An illustration of the component process 
steps is shown in Figure 1. 

 

Figure 1. The process from solid wood, in this case solid thermally modified wood (TMW) to TMW components 
(residuals) for use in biobased composite products (biocomposites), with the target application as building 
material. 
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1.2. Background 

Structure of wood components and wood cell wall 

Wood components are in this work defined as residues or by-products from wood processing, 
e.g. wood chips, sawdust and wood flour. The composition of wood components on the 
molecular level is the same as for the wood substance (cell wall) in solid wood, but the 
morphology of wood components is different on the macroscopic level, for example, wood 
components consist of larger or smaller fractions of wood cells or only fragments of wood 
cell walls. This difference implies that the wood material has high porosity, while this is not 
the case for the wood cell wall (or wood substance). An example of unmodified wood (UW) 
components from spruce can be seen in the scanning electron microscopy (SEM) micrograph 
in Figure 2. 

 

Figure 2. Scanning electron micrograph (SEM) micrograph of unmodified wood (UW) components from spruce. 
The full-scale bar corresponds to 1 mm. 

On a molecular level, the wood cell wall, i.e. the wood substance, is composed of the major 
wood polymers; cellulose, hemicellulose and lignin. Small amounts of pectic substances and 
proteins (Westermark et al., 1986) as well as inorganic compounds (Berglund et al., 1999) are 
present. Cellulose is built up of glucopyranose units into polysaccharides, which are present 
in crystalline and amorphous form. The polysaccharide chains are aggregated into longer 
strings embedded in a matrix of hemicelluloses and lignin and form so-called microfibrils 
with high tensile strength (Fengel & Wegener, 1984). Hemicelluloses are polysaccharides 
composed of smaller branched molecules. Lignin is made up of a complex structure of 
polymeric compounds of phenolic-like nature (Winandy & Rowell, 2013). Wood contains 
two main groups of extractive components; the first group include monoterpenes and resin 
acids, and the second group include components with a high fat content (Sjöström, 1993). 
Softwoods typically consist of 1-5% of extractives (Sjöström, 1993). The extractives can be 
redistributed and migrate within the wood or to the surface, as found during drying (Boutelje, 
1990).  
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Thermal modification of wood 

There are several wood modification methods used in the industry with the purpose of 
reducing the hygroscopicity of wood and, thereby, increasing its dimensional stability and 
resistance to decay. The most applied method for wood modification is thermal modification, 
which is a process where the wood is heated up to temperatures around 200°C in a low-
oxygen environment (Seborg et al., 1953; Stamm, 1956). The modification leads to chemical 
and morphological changes of wood and a darkening of its colour. This type of modification 
has, recent decades, been claimed to be an efficient modification process that improve the 
above-mentioned properties. For this reason, extensive research has been conducted in this 
area (Hill, 2006; Esteves & Pereira, 2009). TMW products are commonly used for various 
outdoor, above-ground applications, e.g. cladding or decking. Some disadvantages of TMW 
products are in the form of mechanical properties, such as decreased strength and increased 
brittleness in comparison to UW. 

The chemical changes that take place during the thermal modification of wood result in mass 
loss from evaporated water, degradation products and other volatiles. Hemicelluloses are the 
most hydrophilic polymers in the wood cell wall and are the most sensitive to increased 
temperatures. During thermal modification, acetic acid is formed as a degradation product 
from the hemicelluloses and can serve as a catalyst in the presence of water or steam, which 
leads to faster degradation of cell wall polysaccharides. Additionally, formic acid, methanol 
and gases like CO2 are formed as the temperature increases (Hill, 2006). The degradation of 
the amorphous parts of cellulose is initiated at about 160-180°C (Hill, 2006; Rowell et al., 
2013). The presence of water can reduce the degradation of cellulose through structural 
changes of the amorphous cellulose regions into a more crystalline structure (Fengel & 
Wegener, 1984). The most thermally stable of all cell wall polymers is lignin, despite that 
some degradation processes of lignin start at lower temperatures. A relative increase in lignin 
content is a result of thermal modification along with the degradation of polysaccharides 
(Hill, 2006). 

There are different types of thermal modifications of wood and these have varying 
parameters, such as temperature, duration time and process conditions. The peak temperature 
is normally between 180-260°C. Higher thermal modification temperatures will cause 
torrefaction, and temperatures below 140°C would only cause minor material property 
changes (Hill, 2006). Thermal modification can be performed in air at atmospheric pressure 
(open conditions) or non-atmospheric pressure (closed conditions), or in another surrounding 
media. Thermal modification has normally been executed at atmospheric pressure using 
superheated steam, which allows for the severe drying and evaporation of volatile degradation 
products (Militz & Altgen, 2014). One established conventional thermal modification method 
using this approach is the ThermoWood® process. The ThermoWood®D process consists of 
three phases, and the first phase involves a drying step using heat and steam. The temperature 
is first increased to 100°C and then to 130°C, at which point, the moisture content (MC) 
approaches 0%. In the second phase, the temperature is increased to 212°C and kept for 2-3 
hours under applied steam. The third phase entails cooling and re-moisture conditioning, and 
the temperature is decreased to about 80-90°C, at which point, the wood obtains an MC of 
about 4-7% (Anonymous, 2003). In another non-conventional approach, the thermal 
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modification takes place in a closed reactor system, which leads to accelerated thermal 
degradation. This approach enables the regulation of the relative humidity (RH) and water 
vapour pressure during the thermal modification process (Willems, 2009; Altgen et al., 2016). 

Water vapour sorption and swelling 

The hygroscopic nature of wood makes it a material that is prone to moisture sorption. The 
main reason for this is the presence of functional hydroxyl groups that operate as sorption 
sites, attracting and binding water molecules through hydrogen bonds (Jeffrey & Saenger, 
2012). The hydroxyl groups exist in all wood polymers, but most of them are found in 
hemicelluloses, followed by cellulose and lignin (Christensen & Kelsey, 1959). The MC of 
wood is normally defined as the mass of water in wood divided by the dry mass of the wood 
material. Water can be present in wood in three ways: as water vapour in the cell lumina or 
microcavities in the cell wall; as liquid (or free) water in the cell lumina and microcavities in 
the cell wall; and as water bound by intermolecular forces in the cell wall (Skaar, 1988; Glass 
& Zelinka, 2010). 
 
All building materials are in their application exposed to humidity and variations in moisture 
conditions. The anisotropic and hygroscopic properties of wood can, therefore, cause in-
service problems, such as poor dimensional stability and cracking, as a result of exposure to 
fluctuating humidity conditions. High MC, normally above 20-30%, also increases the risk for 
decay or discolouration of wood by various fungi (Carll & Highley, 1999). Wood always 
strives to reach equilibrium moisture content (EMC) with the surrounding atmosphere, taking 
up or giving off water. The uptake of water vapour in dry conditions occurs through an 
adsorption process, while giving off water vapour in saturated conditions occurs through a 
desorption process, shown in Figure 3 as a function of relative humidity (RH). 
 

 
Figure 3. Example of a water vapour sorption isotherm for wood, including a desorption and an adsorption 
process. 

In equilibrium at 100% RH, the cell walls are saturated with water vapour. This condition is 
also called the fibre saturation point (Tiemann, 1906) and occurs at about 30% MC for UW 
and much lower for TMW. MC values between 10-15% at 95% RH have been found for 
thermally modified softwood (Anonymous, 2003, Engelund et al., 2010, Paper II, Paper IV). 
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Above the fibre saturation point, water is stored in the cell lumina as free water. There is a 
typical difference in EMC between the adsorption and desorption processes (Figure 3), which 
is normally observed for amorphous polymers in the glassy state. This difference, resulting in 
the adsorption isotherm being below the desorption isotherm, is called sorption hysteresis. 
The sorption hysteresis will depend on factors such as sorption history, temperature, number 
of sorption cycles and physicochemical variations in the cell wall (Skaar, 1988). The first 
desorption curve of wood after harvesting (the green condition of wood) always gives the 
highest EMC. After drying, the subsequent desorption curve is lower above RH 60-70% as a 
result of an initial irreversible reduction in hygroscopicity (Skaar, 1988).  

Several studies have shown reduced hygroscopicity, i.e. lower water adsorption and water 
vapour sorption for TMW than for UW (Kollmann & Schneider, 1963; Pfriem et al., 2010; 
Hill et al., 2012; Guo et al., 2015; Paper II; Paper IV). The reduced hygroscopicity is caused 
by cleavage of hydroxyl groups and also softening and cross-linking of lignin reducing the 
number and availability of sorption sites. The MC can thus, be drastically reduced with 
thermal modification, sometimes up to 50% (Hill, 2006). The sorption isotherm of wood is 
also influenced by different modification temperatures, higher temperatures giving a lower 
EMC (Skaar, 1988).  

The sorption phenomenon in wood is also related to its dimensional stability (Skaar, 1988). 
The thermal modification that leads to reduced water uptake also results in increased 
dimensional stability, due to less swelling and shrinkage. The effect of thermal modification 
on dimensional stability is related to wood species, conditions and anatomical direction 
(Tjeerdsma et al., 1998). Studies on spruce and pine have shown anti-swelling efficiency 
values of 35-40% (Sailer et al., 2000) as a result of thermal modification. 

Surface characterisation of wood and wood components 

A surface can be considered as the separation of two phases in an aggregated system, e.g. 
solid-solid, solid-liquid, solid-gas, liquid-liquid and liquid-gas. The expression surface tension 
is related to a liquid-gas interface while surface energy describes a solid-gas interface. Surface 
energy is the energy required to hold up a surface and is defined as the excess energy required 
to move a molecule from the bulk (interior of the material) to the surface (Adamson & Gast, 
1997). Molecular interactions are stronger at the surface since there are fewer neighbouring 
atoms to interact with, which implies that the surface molecules require more energy to hold 
up the surface. The total surface energy can be divided into two different parts, a physical part 
and a chemical part (Berg, 1993; Good, 1993). The physical interaction part is also called 
non-polar or dispersive interaction and is described as Lifshitz-van der Waals interactions 
(mainly the London dispersion forces that are induced dipole interactions). The chemical part 
(also called polar or specific interaction) constitutes Lewis acid-base interactions. The total 
surface energy can be written as: 

𝛾𝛾𝑠𝑠 = 𝛾𝛾𝑠𝑠𝑑𝑑 + 𝛾𝛾𝑠𝑠𝐴𝐴𝐴𝐴  (1) 
 
where 𝛾𝛾𝑠𝑠is the total surface energy, 𝛾𝛾𝑠𝑠𝑑𝑑 is the dispersive part of the surface energy and 𝛾𝛾𝑠𝑠𝐴𝐴𝐴𝐴 is 
the acid-base, or specific part, of the surface energy. The work of adhesion, defined (Dupré, 



6 

1869) as the work required to separate a unit area of a solid-liquid interface, can be described 
in the same way, as the sum of the work of adhesion of the dispersive part and the specific 
part of the total surface energy (Fowkes & Mostafa, 1978): 
 
𝑊𝑊𝐴𝐴 = 𝑊𝑊𝐴𝐴

𝑑𝑑 + 𝑊𝑊𝐴𝐴
𝐴𝐴𝐴𝐴  (2) 

 
where 𝑊𝑊𝐴𝐴 is the sum of the work of adhesion at the solid-liquid interface, 𝑊𝑊𝐴𝐴

𝑑𝑑 is the 
dispersive part of the work of adhesion and 𝑊𝑊𝐴𝐴

𝐴𝐴𝐴𝐴 is the acid-base part of the work of 
adhesion. Many solid surfaces have a heterogeneous chemical nature, which is related to their 
chemical composition and to the different functional groups present at the surface. Wood also 
has a surface roughness, i.e. a varying surface morphology, depending on aspects such as the 
applied wood processing method and the sharpness of the tools used on the wood. The 
surfaces of wood polymers are dependent on temperature, environment and time. Polymer 
molecules at the surface of a material always strive to reach the lowest energetic state possible 
and thermodynamics promote the reorientation of surface components to minimise the surface 
free energy (Gunnells et al., 1994). Reorientation of the molecules at the surface occurs 
naturally, if possible, as a result of changes in temperature, environmental conditions or with 
time (ageing). 
 
Surface characterisation of wood can increase the understanding of its potential to interact 
with other material surfaces, for example, between a wood component and a matrix in wood 
plastic composites (WPCs), as well as in applications that involve the gluing and coating of 
wood. One approach used to determine the wood component-matrix interaction is based on 
surface-chemical data from the different materials and is called the acid-base or specific 
interaction parameter (IAB) (Park & Donnet, 1998): 
 
𝐼𝐼𝐴𝐴𝐴𝐴 = 𝐾𝐾𝐴𝐴,𝑤𝑤 ∙ 𝐾𝐾𝐴𝐴,𝑚𝑚 + 𝐾𝐾𝐴𝐴,𝑤𝑤 ∙ 𝐾𝐾𝐴𝐴,𝑚𝑚  (3) 
 
where KA and KB are the acid and base numbers representing the electron-acceptor and 
electron-donor properties, respectively. The subscripts w and m stand for wood component 
and matrix, respectively. It has been suggested that the IAB can be used to find correlations to 
mechanical properties and the glass transition temperature of composites from thermoplastic 
polymers and wood derived-components (Tze et al., 2006). 
 
Several methods can be applied to study the surface characteristics of wood, although the 
most common method is contact angle analysis. The method involves so-called wetting 
phenomena, which can be defined as “macroscopic manifestations of molecular interaction 
between liquids and solids in direct contact at the interface between them” (Berg, 1993). 
Typically, the wetting properties, or wettability, of different substrates are determined using 
thermodynamic wetting parameters such as contact angles, surface energy and work of 
adhesion (Berg, 1993). Determining the wettability of wood (mainly solid wood) and its 
significance in wood science has recently been extensively reviewed by Petrič & Oven 
(2015). This review stresses the complexity of determining and interpreting wood wettability 
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based on contact angle measurements and the review recommends that great caution must be 
used when comparing contact angle data between different laboratories. 
 
Compared with solid wood, wetting analyses of wood in particulate or fibrous form (i.e. 
various wood components such as sawdust, wood meal, shavings or pulp fibres) is inherently 
difficult. Direct measurements of contact angles using goniometers, or indirect measurements 
based on Wilhelmy plate principles, are both difficult and tedious mainly due to the small size 
and great structural variations of such materials. Instead, indirect measurements based on so-
called wicking techniques can be used (see e.g. Hodgson & Berg, 1988; Gardner et al., 1999; 
Wålinder & Gardner, 1999). However, such techniques involve certain serious uncertainties 
due to the uncontrolled contamination of the probe liquids and due to swelling effects when 
polar probe liquids are used (Wålinder & Gardner, 1999). 
 
Other surface characterisation methods used to study wood are, for example inverse gas 
chromatography (IGC), X-ray photoelectron spectroscopy (XPS or ESCA) and atomic force 
microscopy (AFM). IGC is a valuable technique for determining surface energetics of 
materials in powder, particulate or fibrous forms (Lloyd et al., 1989). This technique has been 
used to analyse surface energetics of lignocellulosic materials, mainly in particulate or fibrous 
form, e.g. wood pulp fibres, cellulose or lignin (Dorris & Gray, 1980; Matuana et al., 1999; 
Tze et al., 2006), cotton and linen (Csiszár & Fekete, 2011), and microfibrillated cellulose and 
cellulose nanofibers (Siddiqui et al., 2011). Wood particles and fibres, including their 
interactions with thermoplastics, have been analysed using IGC (Kamdem et al., 1993; 
Tshabalala, 1997; Wålinder & Gardner, 2000 & 2002; Peterlin et al., 2010; Oporto et al., 
2011; Cordeiro et al., 2012). These analyses have been performed at low solute concentrations 
(infinite dilution) with results that represent only the highest values of the surface energy, i.e. 
the high-energy sorption sites. A new generation of IGC can, however, be used to determine 
the heterogeneity of materials at different surface coverage, including the determination of so-
called surface energy profiles that cover the distribution from the higher to the lower surface 
energy sites (Thielmann et al., 2007). This approach has also been used to determine the 
surface energy for wood fibres (Ormondroyd et al., 2017) and natural fibres (Legras et al., 
2017). 
 
The wood surface chemical composition is a complex topic and there is a need for more 
knowledge about the ageing process of wood surfaces. Oxidation reactions are initiated at the 
same instant a fresh wood surface is created (Back, 1991). In addition, extractives migrate to 
the surface (Back, 1991; Nussbaum, 1999), which results in a more hydrophobic surface 
character. Water-soluble extractives are transported to the wood surface during drying as 
water evaporates (Hse & Kuo, 1988). The extent of surface changes is further related to 
environmental conditions, such as the surrounding medium, temperature and exposure time. 
XPS analysis has been used to determine the surface chemical composition for paper and 
refined lignocelluloses already some decades ago (Dorris & Gray, 1978a & 1978b). This 
analysis method has been applied lately to study wood surfaces (Nzokou & Kamdem, 2005; 
Inari et al., 2006; Shchukarev et al., 2002; Johansson et al., 2012) and to study chemically or 
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thermally modified wood (Bryne et al., 2010; Tuong & Li, 2011; Wang et al., 2011; Rautkari 
et al., 2012; Sedighi Moghaddam et al., 2013; Wang et al., 2015). 
 
Biobased building composites as building materials 

Wood plastic composites (WPCs) are fully or partly biobased composite materials constituted 
of lignocellulosic material together with a thermoplastic material such as polypropylene (PP) 
or high-density polyethylene (HDPE). The lignocellulosic material can be derived from wood 
residuals, e.g. wood shavings, sawdust, wood flour or fibres. The raw materials are blended 
together with a coupling agent under high temperature conditions, high enough to melt the 
plastic but below 200°C to avoid degradation of the wood material. WPC materials are mostly 
used in outdoor building material applications, such as decking, railings, roofing and window 
profiles (Clemons et al., 2013). In line with the increased interest in biobased building 
materials from renewable resources, WPCs have gained more interest in recent decades 
(Matuana & Stark, 2015). The advantageous properties of TMW, such as reduced water 
uptake and improved dimensional stability, can make it a valuable component in WPCs. The 
more non-polar character of the TMW is expected to give improved interfacial interaction 
between the wood components and the thermoplastic polymer/matrix. Earlier studies have 
shown reduced cracking as a result of less water uptake for WPCs with TMW components 
(Segerholm et al., 2007). Currently, Lunacomp Oy is the only commercial producer of WPCs 
from TMW components (Lunawood, 2017). 
 

1.3. Aim and objectives 

The aim of this thesis is to gain more understanding about surface characteristics and water 
sorption properties of TMW components, i.e. wood processing by-products 
(residuals/residues) such as sawdust or shavings. This information can enable the design of 
optimal adhesion properties and material combinations (compatibility) for the use of such 
TMW components in biocomposites that are especially suitable for outdoor building material 
applications. An additional aim is to increase the value and potential use of such components 
that originate from residuals from solid UW and TMW processing. 

The specific objectives were: 

• To study the surface energetics and water sorption properties of TMW compared with 
UW components of softwood 

• To study the influences of extractives on the sorption properties and linkages to 
surface chemical composition  

• To study the water sorption and micromorphological changes in composite materials 
made from TMW and UW components of spruce 
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2. MATERIALS 

Wood components 

Thermally modified components from softwood of Norway spruce (Picea abies Karst.) were 
used in Papers I, II, IV and V, whilst Scots pine (Pinus sylvestris L.), was used in Paper III. 
Spruce and pine are the two most commonly used wood species in building material 
applications in Sweden and the Nordic countries. The wood material used in this thesis 
originated from Sweden or Finland. The characterisation and analysis were always performed 
on thermally modified wood (TMW) components in comparison with unmodified wood (UW) 
components. Modification and material preparation are described in the following section. An 
overview of the sample preparation steps can be seen in Figure 4. 

  

Figure 4. Illustration of the sample preparation steps of the various wood components used in the different 
papers. The components in Paper I, II and V were prepared in a similar way, but the components in Paper V 
originated from different locations than the components in Paper I and II. The illustration is not according to 
scale. 

 
Preparation of wood components 

Milling 
The UW and TMW components in Papers I and II were prepared from solid boards in a two-
step procedure, first using a disk flaker to produce thin veneers and thereafter a knife ring mill 
to prepare the components (Segerholm et al., 2012). For the UW and TMW components used 
in Paper V, the solid boards were first sawn into 5 mm strips across the longitudinal direction 
and then milled in a Wiley-mill Model No:2 into smaller components. 
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Sieving 
The wood components in this thesis were prepared from different size fractions, using sieves. 
The UW and TMW components in Papers I and II were sifted through a 120 mesh (<0.125 
mm) screen. The UW and TMW components in Paper V were sifted into different fractions 
using sieves >0.63-<0.16 mm. Two different fractions were then used in the study; size 
fraction 1 (0.40-0.63 mm) and size fraction 2 (0.20-0.40 mm). The UW components used in 
Paper IV were sifted into different size fractions, and the fraction between 18 and 10 mesh 
(1.0-2.0 mm) screen was used. 
 
Cutting with chisel 
The veneers used for surface chemical analysis in Paper II were prepared by cutting smaller 
pieces of wood in the radial direction using a chisel. The veneers and strips used in Paper III 
were prepared from larger wood pieces sawn along the growth rings and then cut in the radial 
direction with a chisel. The veneers and strips were freshly cut after extraction prior to further 
analysis.  
 
Thermal modification 

Thermal modification was performed using three different approaches: A) ThermoWood®D 
process (Anonymous, 2003), B) a conventional oven with steam option; and C) a laboratory-
scale steam-pressurised reactor, summarised in Table 2. For more details see each respective 
paper. 
 
Table 2. Various thermal modification processes and conditions used for the different samples in this work. 

Type Modification 
process 

Peak 
temperature (°C) 

Equipment Paper 

A ThermoWood®D 212 Atm., steam I, II, III 

B Conventional oven 210 Atm., steam V 

C Steam-pressurised 
reactor 

150/180 Steam 
pressure 

IV 

 
Preparation of wood plastic composites (WPCs) 

WPCs were prepared using a mixing procedure together with the hot-pressing approach 
(Paper V). The polymer and compatibilizer used were polypropylene (PP) (Borealis 
HE125MO) and maleated polypropylene (MAPP9) (Eastman G-3015), respectively. WPC 
plates with UW and TMW spruce components, both non-extracted and hot-water extracted 
(HE) from two size fractions (larger denoted: 1, and smaller denoted: 2), were used. The 
sample information is shown in Table 3. 
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Table 3. Sample information of the different wood plastic composites (WPCs) containing UW and TMW spruce 
components, both non-extracted, liquid hot-water extracted (HE) and from two different sieve size fractions; 
larger 1 (0.40-0.63 mm) and smaller 2 (0.20-0.40 mm). 

Name Full name Sieve size (mm) Thermal 
modification 

Liquid  
hot-water 
extraction 

UW1 UW larger fraction 0.40-0.63   

HE-UW1 Hot-water extracted UW larger 
fraction   

0.40-0.63  X 

TMW1 TMW larger fraction 0.40-0.63 X  

HE-TMW1 Hot-water extracted TMW larger 
fraction 

0.40-0.63 X X 

UW2 UW smaller fraction 0.20-0.40   

HE-UW2 Hot-water extracted UW smaller 
fraction 

0.20-0.40  X 

TMW2 TMW smaller fraction 0.20-0.40 X  

HE-TMW2 Hot-water extracted TMW smaller 
fraction 

0.20-0.40 X X 

 
Brabender mixer 
A Brabender Viscometer Plasti-corder PLE 651 (Brabender GmbH & Co) was used to mix 
the polymer (48 w%), compatibilizer (2 w%) and the wood components (50 w%) together. 
The mixer was equipped with roller-blade type impellers and the total amount added to the 
mixer was about 25 g. The rotation speed was 30 rpm during 5-7 min while the different 
components were added and mixed (firstly PP, then MAPP and finally the wood components) 
and then the rotation speed was increased to 70 rpm during the 2-min final mixing. The 
mixing temperature was 190°C. Smaller lumps were scraped off the mixing device after 
mixing and cooled in room temperature. 
 
Hot-press 
The smaller lumps of mixed WPCs were placed in a mold (60x60x2 mm3) between two plates 
and then hot-pressed (150 kN) for 10 min at 190°C. After the hot-pressing a cooling step for 2 
min at 20°C (150 kN) followed. Between 7.6-7.7 g mixed material was used for each plate. 
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3. METHODS 

3.1. Morphology 

Determination of size fraction 

kajaaniFiberLab (Paper I) 
The length of the UW and TMW components was determined using a kajaaniFiberLab™ 
apparatus (Metso automation, Finland). Four repetitions of the length measurements were 
performed for both the UW and TMW components. About 2 g of dry components were mixed 
with 5000 ml of water (20°C) and stirred in a tank, and 50 ml from the mixture was taken for 
analysis. The components were detected and monitored using a polarised laser, then a photo 
was taken using a xenon lamp and a camera. The length of the components was determined 
using image analysis software. 

Mastersizer (Paper V) 
The size fraction distribution was determined by laser diffraction using Mastersizer 2000 
particle size analyser (Malvern Instruments Ltd., Worcestershire, UK), where the pump speed 
was set at 2000 rpm. About 200-300 mg of dry components were dispersed in 900 ml distilled 
water. The refractive index of 1.53 (for sawdust) and density of 0.5 cm3/g was used as input 
data. The size was obtained by measuring the volume of the specific wood component, and 
the size was determined as the diameter of a sphere with the same volume. 

Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was used to study micromorphological changes of the 
wood components (Papers I, II and IV) and WPCs (Paper V). A SEM Hitachi table-top 
microscope (TM-1000, Krefeld, Germany) was used to obtain micrographic magnifications of 
x100, x300, x500 and x1000. The surface of the WPC samples was prepared using UV 
excimer laser ablation (Wålinder et al., 2009) and additionally sputter coated (Cressington 
Sputter coated 108 auto) with gold for 30 s prior to the SEM analysis. 

3.2. Extraction 

In Paper II, one sample set was extracted with acetone during 6 h using a Soxhlet extraction 
setup. In Paper III, UW and TMW pieces from pine (about 20x7x5 mm3) were extracted in 
three steps with distilled water, followed by acetone and then ethanol/toluene (1:2 (v/v)) using 
a Soxtec HT6 device (see Paper III for the detailed procedure). In Paper IV, UW and TMW 
components from spruce were hot-water extracted with distilled water during 6 h using a 
Soxhlet extraction setup. In Paper V, UW and TMW components of spruce were liquid hot-
water extracted with liquid hot-water in an air-bath digester with several rotating autoclaves 
heated with hot-air (Haato Oy, 16140-538). The autoclaves were filled with wood 
components and de-ionised water (solid to liquid ratio 1:25 g/g) and exposed to an extraction 
process with increasing temperature from 20°C up to a peak temperature of 140°C for 1 h. 
The total extraction time was about 2.5 h.  
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3.3. Surface energy properties 

Inverse gas chromatography (IGC) 

Inverse gas chromatography (IGC) was used to determine the surface area and surface energy 
heterogeneity (Papers I, III and IV) and the acid-base properties (Paper IV) of UW and TMW 
components of various sizes. IGC is a useful and valuable technique for characterisation of 
the physico-chemical properties of surfaces of materials in particle, fibrous or powder form. 
Knowledge about surface energy is important to better understand and control of the 
interaction process between various materials and components. The technique is based on 
interactions of various gas probes with known properties and a solid surface with unknown 
properties. The solid sample is packed in a sample column through which the different probes 
pass. A schematic illustration of the experimental IGC process is shown in Figure 5.  

 

Figure 5. Schematic illustration of the principle of inverse gas chromatography (IGC). The carrier gas (helium) 
transport one probe solvent at a time through a sample column where after the probe is detected by the flame 
ionisation detector (FID). Non-polar probes (C7-C11; heptane, octane, nonane, decane and undecane) and 
polar probes (EtAc= ethyl acetate, Ace=acetone, DCM= dichloromethane and ACN= acetonitrile) together with 
H2O (distilled water) were shown in the solvent probe oven. Methane gas was used to measure the dead volume 
of the sample column before and after all probe injections. 

Helium is used as the carrier gas to transport the solvent probe through the sample column 
(packed with wood material) where the probe interacts with the sample surface. After passing 
the column, the probe is detected by a flame ionisation detector (FID). The interaction is 
registered from the detector signal as a retention time, which indicates the degree of 
interaction. A longer retention time is a result of more interactions and, thus, a higher surface 
energy. Methane is used to measure the dead volume in the sample column. A schematic 
drawing of probe molecules that travel through the sample column is shown in Figure 6. 
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Figure 6. Schematic drawing of a sample column used in IGC, showing the adsorption and surface interaction 
(adsorption and desorption) between probe and packed wood components. The retention time (tr) is based on the 
interaction between sample surface and sorptive. t0 shows the dead time from the methane injection used to 
measure the dead volume.  

The retention time (tr) can be determined by using the peak com (centre of mass) approach, 
giving integration limits that are selected from the start and end time of the peak in the 
chromatogram for each injection. The retention time of a probe is described in Equation 4: 

𝑡𝑡𝑟𝑟 =
∫ 𝑡𝑡∙𝐼𝐼(𝑡𝑡)𝑑𝑑𝑡𝑡𝑡𝑡2
𝑡𝑡1

∫ 𝐼𝐼(𝑡𝑡)𝑑𝑑𝑡𝑡𝑡𝑡2
𝑡𝑡1

  
(4) 

  
where 𝑡𝑡1 is the start time and 𝑡𝑡2 is the end time of the peak, 𝑡𝑡 is the time and 𝐼𝐼(𝑡𝑡) is the 
detector intensity. For surface property analysis, the BET (Brunauer, Emmet and Teller) 
specific surface area (SSA) of the sample is required as input data. The BET SSA is defined 
as the physical adsorption of gases on solids, e.g. particulates and fibres, (external or internal 
surface). The BET SSA can be determined by physical adsorption in IGC experiments using 
an alkane such as octane. The BET equation is an adsorption isotherm derived from 
(Brunauer et al., 1938): 

1
[𝑛𝑛(𝑝𝑝1/𝑝𝑝)−1] = 𝑐𝑐−1

𝑛𝑛𝑚𝑚∙𝑐𝑐
� 𝑝𝑝
𝑝𝑝1
� + 1

𝑛𝑛𝑚𝑚∙𝑐𝑐
  (5) 

 

where 𝑛𝑛 is the amount mole gas adsorbed, 𝑝𝑝1 and 𝑝𝑝 are the saturation and equilibrium 
pressures of the adsorbates at the adsorption temperature, 𝑐𝑐 is the sorption constant based on 
the heat of adsorption and 𝑛𝑛𝑚𝑚∙ is the number of moles needed for monolayer adsorption (or 
monolayer capacity). If 1

[𝑛𝑛(𝑝𝑝1/𝑝𝑝)−1] is plotted as a function of (𝑝𝑝/𝑝𝑝1), a linear correlation can 

be obtained in the range of 0.05<(𝑝𝑝/𝑝𝑝1)<0.35. The sorption isotherm should form a typical 
type II isotherm. 𝑛𝑛𝑚𝑚, which is the amount of gas needed to create a monolayer, and can be 
obtained from the slope of the linear correlation in the sorption isotherm. The BET SSA can 
then be calculated using Equation 6: 
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𝐵𝐵𝐵𝐵𝐵𝐵 = (𝑛𝑛𝑚𝑚∙𝑁𝑁∙𝑎𝑎)
𝑉𝑉∙𝑚𝑚𝑎𝑎

  (6) 

 
where 𝑁𝑁 is the Avogadro number, 𝑎𝑎 is the adsorption cross section of the gas, 𝑉𝑉 is the molar 
volume adsorbed gas and 𝑚𝑚𝑎𝑎 is the adsorbent mass. The surface energy calculations are based 
on a net retention volume (𝑉𝑉𝑁𝑁), which are related to the interaction between the solid sample 
surface and the probe injected. The interaction is dependent on the probe, the properties and 
structure of the sample surface. 𝑉𝑉𝑁𝑁 is obtained from Equation 7: 

𝑉𝑉𝑁𝑁 = 𝑉𝑉𝑟𝑟0 − 𝑉𝑉𝑑𝑑0  (7) 
 
where 𝑉𝑉𝑟𝑟0 is the measured retention volume of the probe and 𝑉𝑉𝑑𝑑0 is the dead volume measured 
with methane before and after the probe injections. The index 0 is related to a correction for 
the pressure drop in the sample column: 

𝑉𝑉𝑟𝑟0 = 𝑗𝑗
𝑚𝑚
𝐹𝐹𝑒𝑒𝑒𝑒 ∙ 𝑡𝑡𝑟𝑟

𝑇𝑇
273.15

   (8) 

 
where 𝑗𝑗 is the correction factor (described in Equation 9), 𝑚𝑚 is the mass of the sample, 𝐹𝐹𝑒𝑒𝑒𝑒 is 
the exit flow rate at pressure 1 atm and temperature 273.15 K and 𝐵𝐵 is the column 
temperature. The James-Martin correction factor (Halász & Heine, 1967) 𝑗𝑗 is described 
according to Equation 9: 

𝑗𝑗 = 3
2
�
�
𝑝𝑝𝑖𝑖
𝑝𝑝0
�
2
−1

�
𝑝𝑝𝑖𝑖
𝑝𝑝0
�
3
−1
�  

(9) 

 
where 𝑝𝑝𝑖𝑖 and 𝑝𝑝0 are the inlet and outlet pressure of the carrier gas, respectively. IGC is a good 
approach to analyse heterogeneous surfaces as it can be used to determine surface energy at 
different surface coverages. The surface coverage, n/nm, of each alkane can be determined by 
the amount mole adsorbed (n). Together with the 𝑉𝑉𝑁𝑁 experimental value, this describes the 
surface energy heterogeneity. For each probe in the surface energy analysis, a sorption 
isotherm was obtained, and by combining the sorption isotherms for different surface 
coverages a correlation with the retention volume is given (Ylä-Mäihäniemi et al., 2008), 
illustrated in Figure 7. 

 

Figure 7. Example plot showing the retention volume versus surface coverage for different alkanes used to 
determine surface energy. 
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There are two common approaches to determining surface energy; the Schultz method 
(Schultz et al., 1987) and the Dorris-Gray method (Dorris & Gray, 1980). The Schultz method 
is used to determine both the dispersive and polar part of the surface energy from the free 
energy of adsorption ∆Ga (Fowkes & Mostafa, 1978; van Oss et al., 1988). The Dorris-Gray 
method is used to obtain the dispersive part of the surface energy and is based on the free 
energy of the adsorption of one methylene group (∆𝐺𝐺𝐶𝐶𝐶𝐶2) from the non-polar probe molecule 
according to Equation 10: 

∆𝐺𝐺𝐶𝐶𝐶𝐶2 = −𝑅𝑅 ∙ 𝐵𝐵 ∙ 𝑙𝑙𝑛𝑛 �𝑉𝑉𝑁𝑁,𝑛𝑛+1
𝑉𝑉𝑁𝑁,𝑛𝑛

�   (10) 

 
where R is the universal gas constant and VN,n is the net retention volume relation to the 
specific n-alkane. From a linear correlation between the free energy of adsorption of at least 
three alkanes plotted versus their carbon number (Figure 8a), Equation 11) can be obtained. 

𝛾𝛾𝑠𝑠𝑑𝑑 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑒𝑒2

4∙𝑁𝑁2∙�𝑎𝑎𝐶𝐶𝐶𝐶2�
2
∙𝛾𝛾𝐶𝐶𝐶𝐶2

  (11) 

 
where 𝑎𝑎𝐶𝐶𝐶𝐶2 is the cross-sectional area of a methylene group and 𝛾𝛾𝐶𝐶𝐶𝐶2 is the free energy of the 
methylene group. 

 

Figure 8. Example plots showing a) the Dorris-Gray method with the expression involving the retention volume 
versus the carbon number of the alkanes for determination of the dispersive part of the surface energy, and b) 
the Schultz method with the expression involving the retention volume versus the molecular descriptor for 
determination of the dispersive (non-polar) part and the polar part of the surface energy.  

The Schultz method is based on the free energy of adsorption ∆Ga: 

∆𝐺𝐺𝑎𝑎 = ∆𝐺𝐺𝑎𝑎𝑑𝑑 + ∆𝐺𝐺𝑎𝑎𝐴𝐴𝐴𝐴  (12) 
 
where ∆𝐺𝐺𝑎𝑎𝑑𝑑 and ∆𝐺𝐺𝑎𝑎𝐴𝐴𝐴𝐴 describes the free energy of adsorption for the dispersive and polar part, 
respectively. For further analysis, the dispersive part can be described according to Equation 
13: 

∆𝐺𝐺𝑎𝑎 = ∆𝐺𝐺𝑎𝑎𝑑𝑑 = 𝑅𝑅 ∙ 𝐵𝐵 ∙ 𝑙𝑙𝑛𝑛(𝑉𝑉𝑁𝑁) + 𝐶𝐶  (13) 
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where 𝐶𝐶 is a constant which depends on the reference state. Combining ∆Ga with the work of 
adhesion (Wa), gives the following correlation (Dorris & Gray, 1980): 

−∆𝐺𝐺𝑎𝑎 = 𝑁𝑁 ∙ 𝑎𝑎 ∙ 𝑊𝑊𝑎𝑎  (14) 
 
where 𝑎𝑎 is the cross-sectional area of the probe. Wa is described in Equation 15: 

𝑊𝑊𝑎𝑎 = 𝑊𝑊𝑎𝑎
𝑑𝑑 = 2�𝛾𝛾𝑠𝑠𝑑𝑑 ∙ 𝛾𝛾𝑠𝑠𝑑𝑑  

(15) 

 
where 𝛾𝛾𝑠𝑠𝑑𝑑 is the dispersive part of the surface tension for the alkane probe in liquid form. The 
dispersive part of the surface energy can then be described according to Equation 16: 

𝛾𝛾𝑠𝑠𝑑𝑑 = 1
4∙𝛾𝛾𝑙𝑙

𝑑𝑑 �
𝑅𝑅∙𝑇𝑇∙𝑠𝑠𝑛𝑛(𝑉𝑉𝑁𝑁)

𝑁𝑁∙𝑎𝑎
�
2
  (16) 

 

From plotting 𝑅𝑅𝐵𝐵𝑙𝑙𝑛𝑛𝑉𝑉𝑁𝑁 as a function of 𝑎𝑎�𝛾𝛾𝑠𝑠𝑑𝑑 (molecular descriptor), a linear correlation of 

the alkanes can be obtained as shown in Figure 8b. 

The polar part of the surface energy, determined using the Schultz method, is based on the 
specific free energy of adsorption for the various polar probes measured. These are found in 
Figure 8a above the linear line of alkanes, and can be expressed using Equation 17: 

−∆𝐺𝐺𝑎𝑎𝐴𝐴𝐴𝐴 = −(∆𝐺𝐺𝑎𝑎−∆𝐺𝐺𝑎𝑎𝑑𝑑) = 𝑅𝑅 ∙ 𝐵𝐵 ∙ ln � 𝑉𝑉𝑁𝑁
𝑉𝑉𝑁𝑁,𝑟𝑟𝑟𝑟𝑟𝑟

�  (17) 

 
where 𝑉𝑉𝑁𝑁 is the retention volume of a polar probe and 𝑉𝑉𝑁𝑁,𝑟𝑟𝑒𝑒𝑟𝑟 is the retention volume of a non-

polar probe (hypothetical) with the same �𝛾𝛾𝑠𝑠𝑑𝑑 as that of the polar probe. The Lewis acid-base 

(acceptor-donor) properties with KA and KB numbers can be determined using the Gutmann 
method (Gutmann, 1978) and based on the Saint Flour & Papirer (1982) approach, with the 
use of −∆𝐺𝐺𝑎𝑎𝐴𝐴𝐴𝐴, valid for a certain temperature. By measuring the specific free energy of 
adsorption for the various polar probes the KA and KB can be obtained according to Equation 
18: 

−∆𝐺𝐺𝑎𝑎𝐴𝐴𝐴𝐴 = 𝐷𝐷𝑁𝑁 ∙ 𝐾𝐾𝐴𝐴 + 𝐴𝐴𝑁𝑁∗ ∙ 𝐾𝐾𝐴𝐴  (18) 
 
where DN is the donor number and AN∗ is the acceptor number of the polar probes.  
 
All the liquids used were HPLC grade. The non-polar liquid probes were supplied by Sigma-
Aldrich, and the polar liquid probes were supplied by Sigma-Aldrich and Fluka Analytical. 
The IGC measurements were executed using an IGC Surface Energy Analyzer (SEA) 
developed by Surface Measurement Systems (SMS) Ltd., Alperton, London, UK. Table 4 
shows the properties of the non-polar and polar probes used. 
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Table 4. Properties of non-polar and polar IGC probes used. 

Probe a (Å2)a γl
d AN*c DNc 

  (mJ/m2)b   

n-octane 63 21.1   

n-nonane 69 22.4   

n-decane 75 23.4   

n-undecane 81 24.2   

acetone 34 22.7 2.5 17.0 

acetonitrile 21 28.7 4.7 14.1 

dichloromethane 25 39.4 3.9 0.0 

ethyl acetate 33 23.4 1.5 17.1 
a surface area occupied by one probe molecule (Liu et al., 1998)  
b surface tension of the probe liquids at 25°C (Lide, 1995) 
c AN*=acceptor number, DN=donor number (Gutmann, 1978) 
 
Prior to the analysis, the wood components were dried in a conventional ventilated oven at 
103°C for 2 h in order to obtain dry mass. Each test was performed on two or three replicates 
per wood sample, packed in silanised glass sample columns (length 300 mm, inner diameter 
between 2-4 mm depending on the size of the components). Purified helium was used as the 
carrier gas and methane was used to measure the dead volume with a flow rate of 10 ml/min. 
The sample columns were preconditioned at 60°C for 2 h prior to measurement to remove 
volatiles.  
 
IGC requires a surface area value as input data in order to determine surface energy 
properties. The BET specific surface area was measured with octane prior to each surface 
energy measurement at finite dilution in the partial pressure range 5-35%. Both the 
temperature and RH can be varied in the IGC SEA, but, normally both surface area and 
surface energy measurements are executed at 30°C, as was done in this thesis. Measurements 
at different RH, using 0, 25 and 75% RH, were used in Paper I, while Paper III and IV used 
0% RH. The dry mass packing density for the different samples is shown in Table 5. The 
sample mass of the strips was between 60-80 mg. 
 
Table 5. Dry mass and packing density of sample columns with components from different sieve sizes used for 
IGC. 

Sample Component 
sieve size (mm) 

Dry mass (mg) Packing density 
(g/cm3) 

UW <0.125 260-280 0.20 

TMW <0.125 130-140 0.18 

UW 1.0-2.0 200-210 0.14 

TMW150 1.0-2.0 200-210 0.13 

TMW180 1.0-2.0 200-210 0.13 
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3.4. Water vapour sorption 

Dynamic vapour sorption (DVS) 

Dynamic vapour sorption (DVS) is an established technique for studying water vapour 
sorption properties, and is appropriate for small samples such as particles or composites. This 
is a gravimetric technique that measures the time and amount of water vapour adsorbed by the 
wood sample by exposing it to surroundings with various water vapour concentrations. The 
DVS apparatus is a closed chamber in which humidity conditions can be regulated to measure 
how much and with what speed water vapour is sorbed by a sample. The sample is placed on 
a fine balance scale in the chamber and exposed to different RH conditions. After initial 
drying using nitrogen gas, the sorption cycle measurements can be performed in the RH range 
0-95%, divided into different steps. An example of this is illustrated in Figure 9, which shows 
the stepwise changes in RH and mass. When the sample has reached equilibrium at one RH 
level, the RH conditions are changed to the next step. Several studies during the last decades 
have used DVS to analyse the water vapour sorption properties of thermally modified wood 
(Navi & Girardet, 2000; Inari et al., 2006; Engelund et al., 2010; Hill et al., 2012; Olek et al., 
2013). 

 

Figure 9. Example plot of changes in sample mass at different RH levels in a DVS apparatus during the 
adsorption and desorption cycles. 

The water vapour sorption measurements were performed for one replicate per sample using a 
DVS ET1 (Paper II) or DVS advantage (Paper IV) both from Surface Measurement Systems 
Ltd., London, UK. The measurements in Paper II were performed at 30°C and started with 
drying at 0% RH, where after the RH was increased in steps of 5% up to 95% and then 
stepwise back to 0% RH. The analysed samples were spruce wood components; UW and 
TMW, and conditioned UW (UW exp) and TMW (TMW exp). The conditioning entailed 
exposure to three dry-moist cycles at 0 and 75% RH. The TMW samples were also exposed to 
an additional three dry-moist cycles at 0 and 25% RH before the 𝛾𝛾𝑠𝑠𝑑𝑑 was measured. Finally 
both the UW and TMW samples were exposed to a 75% RH conditions (at 30°C) in a climate 
chamber. One sorption cycle was performed for each sample for the DVS analysis in Paper II. 
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The measurements in Paper IV were performed at 25°C starting at 0% RH, and increased first 
to 5% and then increased in steps of 15% up to 95%, and then reversed back to 0% using the 
same steps. Three cycles were performed for all samples. 

3.5. Liquid sorption and swelling 

The Wilhelmy plate method 

The Wilhelmy plate method can is to measure surface tension, wetting and liquid sorption by 
determining the force acting on a plate (here: wood veneer) that is immersed in a liquid. In 
this study a multicycle Wilhelmy plate method developed by Sedighi Moghaddam et al. 
(2013) that uses water and octane as liquids was applied. Using this approach, liquid sorption 
can be determined as well as dimensional changes. The veneer is first immersed and 
withdrawn for 20 cycles in water followed by two cycles in octane. The veneer is then dried 
for 1 h 103°C prior to 10 cycles in octane. For a porous and hygroscopic material like wood, 
the forces acting on the veneer can be determined according to Equation 19: 

𝐹𝐹(ℎ, 𝑡𝑡) −𝑚𝑚𝑖𝑖𝑔𝑔 = 𝑃𝑃𝛾𝛾𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝑤𝑤(𝑡𝑡) − 𝜌𝜌𝐴𝐴ℎ𝑔𝑔  (19) 
 
where 𝐹𝐹(ℎ, 𝑡𝑡) is the detected force, 𝑚𝑚𝑖𝑖 is the initial mass of the plate, 𝑃𝑃 is the wetted 
perimeter of the plate, 𝛾𝛾 is the surface tension of the probe liquid, 𝑃𝑃 is the liquid-solid-air 
contact angle, 𝐹𝐹𝑤𝑤(𝑡𝑡) is the force due to the wicking and sorption of the liquid in the substrate 
at time 𝑡𝑡, 𝜌𝜌 is the probe liquid density, 𝐴𝐴 is the cross-sectional area of the plate, ℎ is the 
immersion depth and 𝑔𝑔 is the gravitational constant. The dimensional change can be 
determined from swelling based on the final force 𝐹𝐹𝑟𝑟 after each cycle (or cycle n). The change 
of the liquid mass uptake after cycle n can be described according to Equation 20: 

𝑙𝑙𝑛𝑛(%) = 𝐹𝐹𝑟𝑟,𝑛𝑛

𝑚𝑚𝑖𝑖𝑔𝑔
× 100  (20) 

 
where 𝑙𝑙𝑛𝑛 is the change of liquid mass uptake in percent and 𝐹𝐹𝑟𝑟,𝑛𝑛 is the final force after cycle n. 
The dimensional change is determined by perimeter measurements from the octane 
immersions where the final perimeter change (∆𝑃𝑃𝑛𝑛) after cycle n is described as: 

∆𝑃𝑃𝑛𝑛(%) = 𝑃𝑃𝑛𝑛−𝑃𝑃0
𝑃𝑃0

× 100  (21) 

 
where 𝑃𝑃𝑛𝑛 is the final veneer perimeter measured after cycle n, and 𝑃𝑃0 is the initial perimeter 
measurement of the veneer from the octane immersion. The Wilhelmy method is illustrated in 
Figure 10 (from Wålinder (2000)). 
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Figure 10. A schematic illustration of the Wilhelmy plate method adopted with permission from Wålinder 
(2000). 

The measurements were performed at 22-23°C and 35±5% RH, using a tensiometer (Sigma 
70, KSV Instruments Ltd., Helsinki, Finland) with the liquids water and octane. The samples 
were dried for 1 h 103°C in a conventional ventilated oven prior to the measurements. 
Ultrapure Milli-Q water (surface tension 71.2 mN/m) was used as the swelling liquid and 
n-octane (surface tension 21.3 mN/m) (>99%), supplied by Alfa Aesar (Karlsruhe, Germany), 
was used as the non-swelling liquid. 

3.6. Surface chemical analysis 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for chemical 
analysis (ESCA), is a very sensitive surface characterisation technique. It involves analyses of 
the outermost surface of a material and gives information about the surface chemical 
composition of a material to a depth up to about 10 nm. An illustration of the XPS technique 
is shown in Figure 11. 

 

Figure 11. An illustration of the principles of the XPS experimental setup where the surface of the wood sample 
is excited and sends off photoelectrons that are detected by an electron energy analyser. 
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The chemical surface properties of freshly cleaved UW and TMW veneer surfaces (from the 
same batch as the components used in Papers I and II) were analysed using XPS analysis 
(AXIS Ultra electron spectrometer, Kratos Analytical, UK). One set of non-extracted (UW, 
UW exp, TMW and TMW exp) samples was prepared together with a set of four matching 
samples, which were acetone extracted. The freshly cleaved/extracted samples were pre-
evacuated overnight in order to stabilise the analysis conditions in ultra-high vacuum (UHV). 
Data from the analysis was recorded using monochromatic A1 Kα x-rays at 100 W. Survey 
scans were recorded with 160 eV pass energy with 1 eV step, and the high-resolution regions 
were taken with 20 eV pass energy with 0.1 eV step. 

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) 

ATR-FTIR spectroscopy is used to study the surface chemistry of a sample by measuring the 
absorption of light at different wavelengths at the sample surface. The infrared light passes 
through a crystal that is in contact with the sample and the light interacts with the sample. The 
information from the beam exiting the crystal is then presented in a spectrum, where different 
peaks can be related to various functional groups. This technique can be used both for solids 
and liquids where the penetration depth of light is <10 µm. 

The measurements were performed on UW and TMW pine veneer samples, both non-
extracted and extracted (with distilled water, acetone and ethanol/toluene). The different 
liquid extracts from all the extraction steps were also analysed (Paper III). The equipment 
used was a Perkin-Elmer frontier FTIR (Waltham, MA, USA) with a frontier UATR ZnSe 
with a reflection top-plate and a pressure arm (Spectrum 10QR software). The measurements 
were performed at room temperature conditions with up to four scans collected for each 
replicate. 

3.7. Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis (DMA) is useful for studying the mechanical and viscoelastic 
properties of materials or for identifying their glass transition temperature. A DMA was 
performed on WPC samples (Paper V) using a 3-point bending mode in a TA instruments 
Q800 dynamic mechanical anlyser. The experiments were carried out in the temperature 
interval of 30-160°C at a rate of 3°C/min, using a 1 Hz frequency and 15 µm amplitude. The 
samples were prepared from WPC plates and cut with a table-top saw into dimensions of 
20x5.3x2 mm3. 

3.8. Water soaking-drying 

WPC samples (Paper V) were soaked in distilled water (20°C) for three 12-day cycles, and 
the weight and dimensions (length, width, thickness (LxWxT)) of the samples were measured 
regularly. The water was changed every 2-3 days. After soaking, the samples were dried in a 
conventionally ventilated oven at 50°C for 24 h, weighed and measured and then exposed to 
another soaking. The initial MC of the WPC samples before the first soaking was about 0.8-
1.3%. 
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4. RESULTS AND DISCUSSION 

4.1. Wood component morphology 

Wood component length and size distribution (Papers I and V) 

Figure 12 shows the length distribution of UW and TMW spruce components sifted through 
120 mesh (<0.125 mm) and analysed using kajaaniFiberLab equipment. As can be seen from 
the figure, the majority of the components were larger than 0.125 mm. A higher fraction of 
smaller UW components than TMW components was found.  

 

Figure 12. Length distribution of UW and TMW spruce components from sieve mesh 120 (<0.125 mm) (Paper I). 

Figure 13 shows the distribution of the two different size fractions: larger size fraction 1 
(sieve size 0.40-0.63 mm) and smaller size fraction 2 (sieve size 0.20-0.40 mm) of UW and 
TMW spruce components. These components were both non-extracted and liquid hot-water 
extracted and analysed using Mastersizer equipment. The peaks were observed within the 
interval of the sieve size, but there were also many smaller and larger components. There was 
a higher fraction of smaller TMW components than UW components, in contrast to the results 
in Figure 12. The smaller size fraction (2) components were not greatly affected in size by the 
liquid hot-water extraction. The larger size (1) components were more affected, however, 
especially the liquid hot-water extracted TMW components, which was shown by an overall 
reduction in size. 

The size fraction distribution depends on the sieving process and conditions. This means that 
the type of sieving, sample amounts, sieving time and force used on the sieve influence the 
results. In addition to this, the MC of the wood components also influences the results. If the 
wood is too dry, the continuous movement from the sieve shaker builds up electrostatic 
charges that make the components clump together or stick to the walls of the sieves. The 
component size, length and size fraction distribution are important since they influence the 
properties of the composite material. A smaller fraction size can, in a composite material, give 
a better distribution of the components, which is advantageous for more homogeneous 
material. On the other hand, the components should not be too small because this would make 
them impractical to handle.  
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Figure 13. Size fraction distribution of UW and TMW spruce components, both non- extracted and liquid hot-
water extracted (HE) for a) larger size fraction (1); 0.40-0.63 mm and b) smaller size fraction (2); 0.20-0.40 mm 
(Paper V). 

Figure 14 shows an example of the micromorphology from a SEM micrograph of UW and 
TMW spruce components from the sieve mesh 120 (<0.125 mm) used in Papers I and II. The 
SEM analysis confirmed what is shown in Figure 12, namely that the majority of the UW 
components, in this case, consisted of a higher number of smaller components and fragments 
(fines) than the TMW components. It was also observed that the TMW components were 
more splintered and needle-like than the UW components. This could be the cause of changes 
in the chemical composition of the TMW components, influencing the material disintegration 
during the grinding process to produce the components. Such changes would also influence 
the properties of the surface created. An important issue is that as soon as a new wood surface 
is created, an ageing process of the surface starts, which causes the migration of extractives 
and/or oxidation effects. As the components were created from UW and TMW after milling, 
this also leads to additional variations in the surface properties and morphology of the wood 
components (Bryne et al., 2010; Johansson et al., 2012). 
 

 

Figure 14. Micrographs of UW and TMW components from spruce from sieve mesh 120 (<0.125 mm) (Paper I). 
The full scale bar corresponds to 200 μm. 
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Figure 15 shows the micrograph of one single wood component (sawdust component from 
circular saw from sawmill AB Karl Hedin in Krylbo) used in Paper IV with about 1 mm in 
length. 

 

Figure 15. Micrograph of an UW component from spruce from circular saw, length about 1 mm (Paper IV). The 
full scale bar corresponds to 1 mm. 

4.2. Surface energy properties 

Dispersive part of the surface energy (Paper I, III, IV) 

The dispersive part of the surface energy was analysed for spruce wood components (Papers I 
and IV) and pine wood strips (Paper III). Figure 16 shows the dispersive part of the surface 
energy for UW and TMW components from spruce from different operating RH conditions 
and Figure 17 shows the dispersive part of the surface energy for UW and TMW components 
from spruce, which had been thermally modified at different conditions. Figure 18 shows the 
dispersive part of the surface energy for UW and TMW strips from pine and the influence of 
extraction. All the component samples were naturally aged for several weeks prior to analysis. 
The wood strips were prepared from freshly cut surfaces and then artificially aged by drying 
in a ventilated conventional oven (1 h at 103°C) to reduce any influence from ageing 
processes.  

Influence of moisture 

Exposure to increased RH conditions (here: 75%) during three dry-moist cycles led to a slight 
increase in the dispersive part of the surface energy for the TMW samples, while the opposite 
was observed for UW samples. The TMW samples were additionally exposed to 25% RH 
after the dry-moist cycles at 75% and showed a somewhat increase in the dispersive part of 
the surface energy although to a lesser extent. Figure 16 shows only the results from the first 
cycle of TMW samples analysed at moist conditions 75% RH (exp). These are shown 
together with TMW samples analysed at dry conditions and UW samples analysed at moist 
(exp) and dry conditions. However, similar trends were observed for all three dry-moist 
cycles. The reason for changes in surface energy as a result of increased RH conditions can be 
caused by the adsorption of water vapour, which leads to a breaking of intermolecular bonds. 
This can further lead to new available high energetic sorption sites at the surface of the wood. 
In an earlier study, the surface energy of unmodified spruce and red meranti wood, 
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determined using contact angle measurements, showed a reduction in the dispersive part for 
samples that had been stored in a moist environment (de Meijer et al., 2000). Also Laiveniece 
& Morozovs (2014) have shown reduced values for the dispersive part of the surface energy 
with an increase in the MC of Norway spruce and Scots pine measured using contact angle. 
Similar trends for the UW samples were observed in this work. 

 

Figure 16. The dispersive part of the surface energy as a function of surface coverage for spruce wood 
components from Paper I. UW, UW exp (exposed to 75% RH during measurements), TMW and TMW exp 
components from sieve size <0.125 mm based on two sample replicates are shown including the standard 
deviation. 

Influence of thermal modification 

The dispersive part of the surface energy was dependent on the thermal treatment 
temperature, illustrated in Figure 17, where a higher modification temperature led to a higher 
value of the dispersive part of the surface energy. A comparison of the UW and TMW 
samples in Figure 16 and Figure 17 shows that all TMW component samples had a higher 
surface energy in the form of the dispersive part as a result of the thermal modification. This 
is due to the less hydrophilic character of TMW caused by chemical changes such as the 
degradation of hemicellulose which reduces the number of sorption sites. Another reason is 
the degradation products and migration or redistribution of extractives to the surface 
(Nussbaum, 1999). A third reason is the softening and reorientation of lignin leading to a 
more hydrophobic surface (Sivonen et al., 2002; Hill, 2006). Similar trends have been found 
in other studies using the Wilhelmy plate method; e.g. for spruce (Kutnar et al., 2013), pine 
and beech (Gérardin et al., 2007) and using the sessile drop method; e.g. for yellow poplar 
(Jennings et al., 2006), aspen and grey alder (Sansonetti et al., 2013). The most pronounced 
differences in the dispersive part of the surface energy have been found with lower surface 
coverage, which corresponds to high energetic sites. The TMW samples had a more 
pronounced variability, or heterogeneity, of the dispersive part of the surface energy than the 
UW samples. This heterogeneous character seemed to be dependent on the thermal 
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modification conditions and, more precisely, on the thermal modification peak temperature. A 
higher peak temperature indicated a higher heterogeneity of the dispersive surface energy. 
With greater surface coverage, above 5% (0.05 n/nm), the values of all UW and TMW 
samples approached a value around 38 mJ/m2. 

 

Figure 17. The dispersive part of the surface energy as a function of surface coverage for spruce wood 
components is shown for the different samples; UW, TMW150 (thermally modified at 150°C, 100% RH) and 
TMW180 (thermally modified at 180°C, 46% RH). The results are based on three sample replicates including 
the standard deviation. 

Influence of extractives 

Figure 18 shows the results of the dispersive part of the surface energy for pine strips of both 
UW and TMW, non-extracted and extracted (with distilled water, acetone and 
ethanol/toluene). The highest values were observed for the TMW samples, and these were 
closely followed by the extracted and non-extracted UW. The extracted TMW samples had a 
distinctly less hydrophobic character than all the other samples, shown by the lower 
dispersive component of the surface energy. In contrast to the component samples (Figure 16 
and Figure 17), the pine strips samples were cut just before the measurements but were 
artificially aged in an oven for 1 h at 103°C. The drying caused the migration of hydrophobic 
extractives to the surface of the material, leading to a higher value of the dispersive part of the 
surface energy for UW, extracted UW and TMW. The extracted TMW, on the other hand, 
indicated that there was little or no extractable matter (water-soluble) left after extraction 
(Table 7). The differences in the dispersive part of the surface energy in comparison of spruce 
components and pine strips could be the component form (strips) and the higher amount of 
extractive content in pine than in spruce, which could have an important role and could 
influence on the results. 
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Figure 18. The dispersive part of the surface energy as a function of surface coverage for pine wood strips is 
shown for the different samples; UW, UW extr (extracted with distilled water, acetone and ethanol/toluene), 
TMW and TMW extr. The results are based on three sample replicates including the standard deviation. 

The results of the acid-base properties analysed for UW and TMW (TMW150 and TMW180) 
spruce components (Paper IV) are shown in Figure 19. Both the UW and TMW component 
samples showed a more basic than acidic surface character. This is common for wood 
materials and is due to the basicity of lignin (de Meijer et al., 2000), where the electron donor 
behaviour is caused by the oxygen in the numerous ether or carbonyl bonds (Mukhopadhyay 
& Schreiber, 1995; Shen et al., 1999; Riedl & Matuana, 2006).  

 

Figure 19. The acid (KA) and base (KB) numbers as a function of the fractional surface coverage for UW and 
TMW; TMW150 (150°C and 100% RH) and TMW180 (180°C and 46% RH) component samples. The results are 
based on three sample replicates including the standard deviation. 
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The TMW samples showed a higher dominant basicity than the UW samples. This has been 
suggested to be caused by an increase in the amount of lignin and/or extractives that have 
reoriented or migrated to the surface (Paper II). However, at higher thermal modification 
temperatures, ether bonds are cleaved (Fengel & Wegener, 1984), which would be the reason 
why the TMW180 samples show a lower KB number than the TMW150 samples modified at 
a lower temperature. 

Estimation of specific interaction parameter between wood components and polymer 

An estimation of the wood component-polymer interaction was calculated as the specific 
interaction parameter, IAB, (see Equation 3) based on the acid-base numbers, shown in Figure 
20. The KA and KB numbers of the wood components UW, TMW150 and TMW180 were 
taken from the experimental results of the acid-base measurements with IGC (the lowest 
fractional surface coverage from Figure 19). The values for the various polymers were taken 
from literature data, see Table 6.  

Table 6. KA and KB numbers of various thermoplastics used in WPCs.  

Polymer KA KB Reference 
PE ~0 ~0 Chtourou et al., 1995 
PP 0.012 0.004 Felix et al., 1993 
PS 1 0.06 0.35 Felix et al., 1993 
PS 2 0.29 0.48 Tze et al., 2006 
PVC 1.43 0.65 Matuana et al., 1998 

 

The results from Figure 20 indicate that there might be an improvement in the interaction 
between polymer and wood components as a result of thermal modification. PVC has, due to 
its acidic character, better interaction with the more basic wood components and therefore 
gives the highest IAB. Both PP and PE have a more neutral character, and the IAB is less 
relevant. However, in this research the effect of the influence of compatibilizer/coupling 
agent, such as MAPP has not been taken into consideration. 

  

Figure 20. The specific interaction parameter (IAB) between the wood components UW, TMW150 and TMW180 
and various polymers; PE (polyethylene), PP (polypropylene, PS (polystyrene) and PVC (polyvinyl chloride). 
The KA and KB numbers of the wood components are based on the data points at the lowest fractional surface 
coverage in Figure 19. The KA and KB numbers of the polymers are taken from Table 6. 
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4.3. Water vapour sorption 

Figure 21 shows the water vapour sorption isotherm results from DVS measurements (at 
30°C) for the UW and TMW spruce components (<0.125 mm) (Paper II). The UW 
components showed a typical type II sorption isotherm, which is expected for a porous 
material like wood (Skaar, 1988). The TMW components showed a significantly reduced 
sorption isotherm, which was also expected. MC values obtained from IGC measurements 
conditioned at 25 and 75% RH (30°C) are included. Figure 21 shows that there is good 
correlation between the EMC obtained from the sorption isotherms and the MC data points 
obtained from the IGC measurements, both at 75% and 25% RH, respectively. This indicates 
successful RH conditioning during the IGC analyses. The MC values obtained from IGC 
measurements of TMW at 25% RH seem to be concentrated with little variation around the 
desorption curve. In contrast, the corresponding MC values obtained at 75% RH for both the 
TMW and UW samples are more concentrated around the adsorption curve and also show 
little variation. The variations can be caused by the different humidity exposure, where the 
IGC data represents samples that were exposed to several more humidity cycles (0-75% and 
then 0-25% RH) than the data points in the sorption isotherms, which were only exposed to 
one increase in RH. 

 

Figure 21. Water vapour sorption isotherms for UW and TMW components from spruce (<0.125 mm), non-
exposed and pre-exposed to increased RH conditions (exp). The DVS analysis was performed at 30°C the 
corresponding MC values obtained from IGC measurements at 25 and 75% RH for TMW and at 75% for UW 
components are also shown. The upper curve is desorption and the lower curve is adsorption. 

Figure 22 shows the water vapour sorption isotherms of UW and TMW spruce components, 
>1.0 and <2 mm, modified in component form at two different conditions; TMW150 
(T=150°C, RH=100%) and TMW180 (T=180°C, RH=46%). The measurements were 
performed for three cycles and the three cycles for the UW components were similar (with a 
very small decrease in the sorption isotherm at higher RH for cycles 2 and 3), therefore only 
cycle 1 is shown in Figure 22. Cycles 2 and 3 for the TMW components were very similar, 
and, therefore, cycle 3 was excluded. The TMW components had lower sorption isotherms 
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than the UW components. Thermal modification resulted in a reduction in EMC for the 
adsorption curve of about 30-40% and 30-50% for TMW150 and TMW180, respectively, for 
cycle 1. A reversible reduction was observed between cycles 1 and 2 for both TMW150 and 
TMW180, in agreement with (Hill et al., 2012; Majka et al., 2016). The thermal modification 
at a higher temperature (TMW180) resulted in a more pronounced reduction in EMC than that 
of the lower modification temperature (TMW150). This reduction can be due to the lower MC 
of the components after the thermal modification. The reversible reduction in EMC can, 
thereby, be linked to high temperature drying during the thermal modification process (Altgen 
et al., 2016; Endo et al., 2016). 

 

Figure 22. Water vapour sorption isotherms for UW and TMW (TMW150 and TMW180) components (>1.0 and 
<2 mm) shown for two sorption-desorption cycles where the upper curve is desorption and the lower curve is 
adsorption. The DVS analysis was performed at 25°C. 

4.4. Liquid sorption and swelling 

The Wilhelmy plate method was used to measure liquid mass uptake with water and octane 
for UW and TMW pine strips, both non-extracted and extracted (with distilled water, acetone 
and ethanol/toluene) (Paper III). The results are shown in Figure 23 for the liquid mass uptake 
for 20 and 10 cycles for water (swelling liquid) and octane (non-swelling liquid), respectively. 

As a non-swelling liquid, octane solely fills the lumina and voids in the wood, but water also 
fills the cell walls. The TMW samples showed a much lower water uptake than the UW 
samples, which was expected due to the high hydrophobicity that resulted from the thermal 
modification. The water uptake for the extracted UW samples was lower than for the non-
extracted UW. A removal of hydrophobic extractives is suggested to result in an increase in 
water uptake. 
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Figure 23. Liquid mass uptake (water and octane) of a) UW and b) TMW pine strips as a function of cycle 
number. Both non-extr (non-extracted) and extr (extracted with distilled water, acetone and ethanol/toluene) are 
shown for the average of 6 replicates including the standard deviation (Paper III). 

However, the immersion of non-extracted UW into water led to dissolved water-soluble 
extractives migrating into the water. This, in turn, decreased the surface tension of the water, 
further leading to a faster speed of sorption as was proven by measuring the surface tension 
reduction in water in Table 7. The results present the difference between the measured surface 
tension of pure water before immersion and after sample immersion in 20 cycles. As can be 
seen in the table, the highest reduction in surface tension was found for the non-extracted UW 
samples, which proves the theory about the migration and or contamination of water-soluble 
extractives into the water. This behaviour was reduced for the extracted UW samples, and 
even further reduced for the TMW samples. The extracted TMW samples indicated an almost 
complete removal of extractives as a result of a very low reduction in surface tension. 

Table 7. Surface tension reduction measured after sample immersion of pine strips for 20 cycles in water for UW 
non-extracted, UW extracted (with distilled water, acetone and ethanol/toluene), TMW non-extracted and TMW 
extracted. The results show an average of six replicates including the standard deviation (Paper III). 

Surface tension reduction (mN/m) 

Sample Non-
extracted 

Extracted 

UW 3.1 (2.2) 1.3 (1.0) 

TMW 0.9 (0.7) 0.2 (0.3) 

 

The swelling determined by the perimeter change was measured by immersion of the sample 
in octane for 2 cycles (after 20 cycles in water). Water remained in the wood cell walls where 
the octane quickly filled the voids. The results are presented in Table 8. The swelling was 
about 5 times lower for non-extracted TMW than for non-extracted UW veneers, which is in 
line with the reduction in hygroscopicity that resulted from thermal modification. Similar 
trends have also been observed for thermally modified beech veneers (Källbom et al., 2016a). 
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Table 8. The perimeter change measured after 20 cycles in water followed by 2 cycles in octane for UW non-
extracted, UW extracted (with distilled water, acetone and ethanol/toluene), TMW non-extracted, and TMW 
extracted. The results show an average of six replicates including the standard deviation (Paper III). 

 Perimeter change (%) 

Sample Non-
extracted 

Extracted 

UW 3.7 (1.1) 6.3 (2.1) 

TMW 0.7 (0.4) 2.1 (0.9) 
 

An increase in swelling was found for the extracted UW and TMW veneers as a result of 
extraction. Mantanis et al. (1995) have also reported similar trends for Sitka spruce (Picea 
sitchensis) and Sugar maple (Acer saccharum) extracted with various organic solvents. The 
increase in swelling is probably caused by the additional space created in the wood cell wall 
after the extractives have been removed. Another possible cause is access to new available 
sorption sites (Taylor, 1974), or the disruption of the cell wall (Mantanis et al., 1995). 

4.5. Chemical and surface chemical analysis 

Chemical analysis (Paper III) 

Chemical analysis of the extracts of extracted UW and TMW veneers from pine (Paper III) 
was performed using the FTIR analysis. Firstly, the samples were extracted with distilled 
water, followed by an extraction with acetone, and, lastly, the same samples were extracted 
with a solution of ethanol and toluene 1:2 (w/w). All the extracts from UW and TMW 
indicated the presence of aliphatic compounds, resin acids and phenolic compounds. Most 
pronounced were the phenolic compounds from TMW extracts from water.  

Surface chemical analysis (Papers II and III) 

XPS  

Results from surface chemical analysis using XPS are shown in Figure 24 for UW and TMW 
samples, both non-exposed and exposed to higher RH (75%), and also non-extracted and 
extracted with acetone (Paper II). The figure includes the theoretical values of the extractives 
(oleic acid), lignin and cellulose, together with a cellulose reference. The data points are 
plotted as the amount of C-C (carbon-carbon) or C-H (carbon-hydrogen) bonds (C1) in the 
total amount of C as a percentage, as a function of the O/C ratio (oxygen to carbon ratio). 

The sample surfaces were freshly cut prior to the analysis. The results in the figure indicate 
that non-extracted UW samples contained the highest amount of extractives, together with the 
exposed non-extracted UW samples. These values were also more scattered, which could be 
the cause of the more instable conditions at the sample surface. The non-extracted TMWs 
were less scattered, which indicates a more stable surface. Both UW and TMW samples 
extracted with acetone showed a higher O/C ratio than the non-extracted samples, which is 
also in agreement with earlier studies (Liu et al., 1998; Johansson et al., 2012). An effect of 
the exposure to higher RH conditions resulted in the migration of low-weight compounds and 
extractives to the wood surface. It is also possible that the moist air surrounding the wood 
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substance during higher RH conditions caused a reorientation of functional groups at the 
wood surface. Water diffuses towards the surface while the wood is dried, which also leads to 
migration and/or reorientation of low-weight compounds and extractives. Since the non-
exposed samples were dried in a non-polar atmosphere, functional groups of extractives at the 
surface would have oriented in such a way that their non-polar moieties would be attracted to 
the outer surroundings. 

 

Figure 24. Correlation chart from the XPS analysis with the amount of C1 in total C (%) as a function of the 
O/C ratio for the various samples: UW, UW exp (exposed to 75% RH), TMW, TMW exp, UW extr (acetone 
extracted), UW exp extr, TMW extr and TMW exp extr. Theoretical values for extractives, lignin and cellulose 
are included, together with a cellulose reference sample. From Paper II. 

FTIR 

The surface chemical changes for extracted UW and TMW pine veneers were investigated 
using FTIR. Only minor changes of functional groups were observed as a result of the thermal 
modification process. In agreement with other studies, a small reduction in hemicellulose 
carbonyl groups (Liu et al., 1998; Shen et al., 2016) and changes in lignin or cellulose content 
were observed (Esteves et al., 2013; Shen et al., 2016). No clear difference was observed 
between the non-extracted and extracted samples. 

4.6. Effect of using TMW components in WPCs 

Wood plastic composite (WPC) samples with UW and TMW spruce components were 
analysed by soaking-drying in water to determine water uptake, dimensional changes and 
micromorphological changes. The viscoelastic properties were also determined using dynamic 
mechanical analysis (DMA). Eight different WPC samples were prepared: four with UW and 
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four with TMW components. Both sample groups included components from two different 
size fractions (larger size fraction, denoted 1, and smaller size fraction, denoted 2) both non-
extracted and extracted with liquid hot-water (HE-UW and HE-TMW). For full sample 
description see Table 3. 

Water sorption and dimensional changes (Paper V) 

The water sorption and dimensional changes were determined for the different WPCs from 
UW and TMW components. The samples were soaked in water, and the results from the 
soaking-drying cycles are shown in Figure 25. The soaking-drying can represent a real life 
scenario in which a WPC product is exposed to a period of rain and standing water and then 
exposed to dry weather and sunshine. Expected temperatures for WPCs used for decking 
could, for example, be in the interval of -30 to +50°C (Matuana & Stark, 2015). The MC was 
determined based on the initial weight (which already contained some moisture) and either 
the wet weight during the soaking cycle or the dried weight after drying at 50°C, 24 h. 

Figure 25. WPC samples for three soaking-drying cycles showing the water uptake by MC. a) WPCs with the 
larger size fraction 1, and b) WPCs with the smaller size fraction 2. The results show an average of five 
replicates including the standard deviation, for UW and TMW, both non-extracted and extracted with liquid hot-
water (HE). From Paper V. 

The highest MC was found in the WPCs with UW components, and this was higher for UW1 
than for UW2. The speed of sorption was also quicker for the WPCs containing components 
from the larger size fraction. This can be attributed to an increase in the connectivity between 
the wood components, which leads to faster wicking, as opposed to the smaller components, 
which were more dispersed in the composite. WPCs with liquid hot-water extracted 
components showed a reduction in water sorption as a result of a reduction in the 
hygroscopicity caused by the removal of various polysaccharides, in agreement with other 
studies (Hosseinaei et al., 2012; Ozdemir et al., 2014). A drastic reduction in water sorption 
was observed for the WPCs with TMW components, in which the MC was slightly further 
reduced as a result of liquid hot-water extraction. All the WPCs were saturated with water 
after about 115 days. 
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The dimensional changes were measured at the same time as the weight (which gave the MC). 
The changes in the length and width of the WPC samples were minor, and, therefore, only the 
changes in thickness were considered. The thickness was the same as for the pressed WPC 
plates, i.e. with a direction perpendicular to the parallel hot-pressing plates. The results from 
the thickness changes are shown in Figure 26. The greatest dimensional changes were found 
for the UW1 (about 8%) and UW2 (about 7%). A reduction in thickness swelling was 
observed both for HE-UW, TMW and HE-TMW. 

 

Figure 26. Thickness changes in the WPC samples are shown for three soaking-drying cycles in water. a) WPCs 
with the larger size fraction 1, and b) WPCs with the smaller size fraction 2. The results show an average of five 
replicates including the standard deviation, for UW and TMW, both non-extracted and extracted with liquid hot-
water (HE). From Paper V. 

The samples were dried after each soaking cycle for 24 h at 50°C, which showed that the 
thickness of the WPCs was shrinking and the thickness change was generally less than 2% 
compared with the initial thickness. The drying step also led to cracks at the interface between 
the polymer and the components, and in the matrix. 

Effect of water soaking and drying on the micromorphology of WPCs (Paper V) 

Changes in the morphology of the WPC samples after two 12-day soaking cycles in water 
followed by drying at 50°C for 24 h are shown in Figure 27 and Figure 28 for the WPCs with 
the larger and smaller component size fraction, respectively. The images (micrographs) show 
the samples before soaking and after cycles 1 and 2. The WPCs with UW components were 
the most affected by the soaking-drying cycle and showed both cracks and damage to the 
wood cell walls and cracks in the matrix. This behaviour was reduced as a result of liquid hot-
water extraction, and the HE-UW showed fewer cracks than the UW. This could be due to an 
increase in the hydrophobic character of the liquid hot-water extracted components as a result 
of the removal of water-soluble polysaccharides, which would improve the interaction 
between polymer and component. 
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Before soaking-drying After cycle 1 After cycle 2 

   

   
 

   
 

   
 

Figure 27. Micrographs of WPCs from UW1, HE-UW1, TMW1 and HE-TMW1 wood components prepared 
using UV-laser ablation (Paper V). The images show the same position for the WPC before soaking, after cycle 
1 and after cycle 2. The scale bars correspond to 300 µm. 

The WPCs with TMW components showed less cell wall damage and fewer interfacial cracks 
than the reference WPCs. This is likely due to the reduction in hygroscopicity caused by the 
thermal modification, leading to less water uptake for the WPCs with TMW components. 
This, in turn, leads to improved dimensional stability and less swelling and shrinking of the 
wood components during the soaking-drying cycles. The increase in the non-polar character 
of the TMW components is suggested to improve the interfacial interaction between the 
matrix and components (Butylina et al., 2011; Segerholm et al., 2012). The cracks that 
appeared at the interface of the polymer and the wood components after cycle 1 were more 
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clearly visible after cycle 2. These results are in line with a previous study on WPCs showing 
that delamination and cracking occurred after artificial ageing and water soaking (Segerholm 
et al., 2007). The study by Segerholm et al. (2007) shows less damage to WPCs with 
thermally modified Norway spruce than to WPCs with unmodified Scots pine. 

Before soaking-drying After cycle 1 After cycle 2 

   

   
 

   
 

   
 

Figure 28. Micrographs of WPCs from UW2, HE-UW2, TMW2 and HE-TMW2 components prepared using UV-
laser ablation (Paper V). The images show the same position for the WPC before soaking, after cycle 1 and after 
cycle 2. The scale bars correspond to 300 µm. 
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Viscoelastic properties (Paper V) 

The viscoelastic properties were determined using DMA measurements. The results from the 
loss modulus, showing transition behaviour, is shown in Figure 29. These results indicate that 
the different size fraction of wood components in the WPCs play an important role for 
viscoelastic properties. This could further be due to the fact that the smaller size fraction 
components were better dispersed in the matrix. The highest loss modulus and storage 
modulus (Paper V) were shown by the WPCs with UW, followed by HE-UW. The DMA 
results did not clearly show improved interaction properties between the wood component and 
the polymer for WPCs with TMW components and reference WPCs with HE-UW, as 
observed from analyses of water uptake, swelling and micromorphology. Improved 
interaction between the components and the polymer could be expected both for WPCs with 
TMW components and WPCs with HE-UW due to their more non-polar character. This 
would typically be shown by an increase in glass transition temperature (Tg). A transition 
phase was observed at 60-80°C for all the samples. A minor shift of the transition phase for 
the WPCs with extracted and TMW components could be interpreted from the results in 
Figure 29. However, this would require further research. 

 

Figure 29. Loss modulus for WPCs with UW and TMW spruce components, both non-extracted and liquid hot-
water extracted (HE). a) The WPCs with components from the larger size fraction (1) and b) the WPCs with 
components from the smaller size fraction (2). From Paper V. 
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5. CONCLUSIONS AND FUTURE WORK 

Conclusions 

The focus of this thesis was on improving the understanding of surface and sorption 
properties of thermally modified wood (TMW) components for potential use in biocomposite 
building materials. The main advantage of TMW components over unmodified wood (UW) 
components, in this case, is linked to reduced hygroscopicity of these components. Reduced 
hygroscopicity leads to less moisture-induced swelling and shrinking in a composite material, 
which in turn improves the durability of the material. 

The surface energy, analysed using inverse gas chromatography (IGC), showed that the 
dispersive part of the surface energy of TMW components of aged spruce have a more 
heterogeneous character than UW components do, probably due to the higher percentage of 
hydrophobic extractives present in TMW samples. This was valid both for components that 
originated from solid TMW and for TMW components modified after wood processing. A 
higher modification temperature gave higher values for the dispersive part of the surface 
energy. Surface energy analysis of pine heartwood strips indicated that extraction with water 
and organic solvents led to a lowering of the dispersive part of the surface energy for TMW 
but not for UW. The Lewis acid-base properties from the IGC analysis of aged spruce 
components showed a stronger basic than acidic contribution for all samples, and this finding 
was the most pronounced for TMW components. It is therefore suggested, based on 
predictions of acid-base interactions, that TMW components have preferential interaction over 
UW in wood plastic composites (WPCs) with polymers with a more acidic character, such as 
PVC and PS. 

The water vapour sorption of aged spruce TMW components, analysed using DVS, was 
drastically lower than for UW components. This was expected due to the reduced hygroscopic 
character of TMW components. However, an increase in the adsorption isotherm at higher 
RH was found for TMW components previously exposed to higher relative humidity 
conditions (75% RH). This effect is suggested to be related to the breakage of intermolecular 
bonds created during thermal modification, thus blocking water sorption sites. The opposite 
behaviour was found for the UW. A higher thermal modification temperature (180°C, 46% 
RH) resulted in more pronounced EMC reduction than a lower modification temperature 
(150°C, 100% RH).  

In line with a reduced water affinity for TMW, less water uptake for small TMW veneers 
from pine heartwood than for UW veneers was observed based on the Wilhelmy plate 
method. Extracted UW pine heartwood veneers showed a significantly lower rate of water 
uptake than non-extracted UW veneers, presumably caused by contamination effects from 
water-soluble extractives. The water-soluble extractive increased the capillary flow into wood 
voids which was shown by a decrease in water surface tension. Both UW and TMW spruce 
veneers previously exposed to increased RH conditions showed a decrease in extractable 
and/or volatile organic compounds.  
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A reduction in water sorption was observed for WPCs with PP and liquid hot-water extracted 
UW and TMW components, both non-extracted and extracted. Water-soluble wood 
extractives had a major influence on both the water sorption and dimensional changes in 
WPCs with UW components but had a minor influence on WPCs with TMW components, 
despite that an equal amount of extractable content was removed. 

Future work 

The results in this thesis suggest that new types of durable biobased material combinations 
using TMW components can be “tailored” and developed. Recommendations for future work 
are to further analyse the in-situ behaviour of TMW components in composite materials for a 
better understanding of the long-term behaviour of such materials used for outdoor building 
material applications. An important factor in the determination of the interfacial interaction 
between wood components and polymer is the presence and amount of wood extractives. One 
suggestion for future research is to further analyse the role of extractives in TMW 
components and TMW composite materials, and, thereby, increase knowledge of the 
influence of extractives on the surface properties of wood. 

Another important issue is related to surface energy properties, both the dispersive and the 
polar contributions. These properties give information about the potential interaction between 
different components in a composite material. Primarily spruce was studied in this thesis with 
a focus on the dispersive part of surface energy. For this reason, future work is suggested to 
include more studies on other common species for composite materials, e.g. pine. In addition 
to this, the acid-base or specific part of the surface energy, which is more complex to analyse, 
should be further studied to better understand the surface properties of TMW.   

An initial study was performed herein to observe the behaviour of WPCs with TMW versus 
UW components. The findings showed reduced water absorption, swelling and interfacial 
cracking in the former. A future step is to investigate how this approach can be used 
efficiently on a larger scale. This would optimally lead to an increase in the use of TMW 
components in biobased building materials, which would further increase the value of such 
by-products. 
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