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 ABSTRACT

The main objective of this study was to elucidate the possibilities to use
wheat gluten (WG) as a binder for particleboards, as well as soy protein
isolate (SPI). The focus was on the effect of the adhesive formulation and
the processing conditions, while the press parameters were kept
constant. Some aspects of the dispersion and the preparation of the
dispersions that were investigated are: the dispersing agent (sodium
hydroxide 0.1 M or citric acid 0.05 M), the time (1,  3 or 5h) to prepare
the dispersion, the temperature (room temperature, 50 or 80°C) during
the preparation of the dispersions and the effect of storing (1, 2.5 or 4
days) the dispersions before application. Additionally, utilization of
cross-linker polyamidoamine-epichlorohydrin (PAAE) and
trimethylolpropane triacetoacetate (AATMP) were evaluated.
Furthermore, the utilization of green particles versus dried particles was
examined. The concentration (12, 16,  20 or 24%) of WG dispersion and
the process for applying it to the particles were studied. Two application
methods were evaluated, in application method 1 (appl. 1) all the
dispersion  was  added  to  the  particles  in  one  step  before  the  particles
were dried. When application method 2 (appl. 2) was employed the
dispersion was added in two steps, some of the dispersion was added
before the drying and some after the drying. The considered board
properties  were  internal  bond  (IB),  thickness  swelling  (TS)  and  water
absorption  (ABS).  The  wetting,  penetration  and  film  formation  of  the
WG dispersions on the wood was investigated employing different
microscopy  techniques.  For  the  WG  dispersions  it  looks  as  if  a  lower
temperature is preferable for the preparation of the dispersion and that
the time to prepare the dispersion is of no importance. Furthermore,
storing the dispersions for more than one day before it was used as an
adhesive for particleboards (PB) resulted in poorer boards. Using the
right  cross-linker,  such  as  PAAE  enhances  the  binding  abilities  of  WG.
According  to  this  study  it  is  beneficial  to  use  dried  particles  instead  of
green particles. Additionally, the results show that the interaction
between  the  concentration  of  WG  dispersion  and  how  it  is  applied  is  a
significant factor, considering the IB value. However, in general the two
step process (appl. 2) is preferable. The microscopy study reveals that
this can be explained by the balance between wetting, penetration, and
flow of  the  dispersion  on  the  wood.  The  two step  application  results  in
less over-penetration when the viscosity of the dispersion is low.



 SAMMANFATTNING

Huvudsyftet med den här studien var att undersöka möjligheterna att
använda vetegluten (WG) som bindemedel för spånskivor, men även
sojaproteinisolat (SPI) har undersökts. Fokus låg på effekten av
formuleringen av bindemedlet och processbetingelserna, medan
pressparametrarna hölls konstanta. En del parametrar som studerades
med avseende på tillverkning av dispersionerna var: tiden (1, 3 eller 5
tim) att bereda dem, vid vilken temperatur (rumstemperatur, 50 eller
80°C)  de  preparerades  och  effekten  av  att  lagra  (1,  2,5  eller  4  dagar)
dispersionerna. Vidare undersöktes polyamidoamin-epiklorohydrin
(PAAE) och trimethylolpropan triacetoacetat (AATMP) som tvärbindare.
Dessutom undersöktes användning av råspån kontra torkat spån.
Koncentrationen  (12,  16,  20  eller  24  %)  för  WG-dispersionerna  och
processen för belimning med dessa dispersioner utvärderades. Två
applikationsmetoder testades, i applikationsmetod 1 tillsattes hela
mängden  dispersion  i  ett  steg  till  spånet  innan  det  torkades.  I
applikationsmetod 2 tillsattes dispersionen i två steg, en del tillsattes
innan torkning och resten tillsattes efter torkning. Skivegenskaperna
som utvärderades var, tvärdrag (IB), svällning (TS) och absorption
(ABS). Vätning, penetration och filmbildning av WG-dispersionerna på
trä undersöktes med mikroskopimetoder. Resultaten visade att det kan
vara fördelaktigt att tillreda WG-dispersionen vid lägre temperatur och
att  tiden  inte  är  av  signifikant  betydelse.  Vidare  förefaller  det  som  att
lagring längre än en dag av dispersionerna har en negativ effekt på deras
bindemedelsförmåga för spånskivor. Användning av rätt tvärbindare så
som PAAE kan förbättra veteglutens bindningsegenskaper. Enligt den
här studien är det fördelaktigt med avseende på skivegenskaper att
använda torkat spån istället för råspån. Resultaten visar att samverkan
mellan koncentration och applikationsmetod kan vara en signifikant
faktor  med  avseende  på  IB-värdena.  Dock  verkar  det  överlag  som  att
tvåstegsbelimningen  är  fördelaktig.  Mikroskopistudien  visar  att  detta
kan förklaras av balansen mellan dispersionens förmåga att väta,
penetrera och att flyta ut på träsubstratet. Applikationsmetod 2 leder till
mindre överpenetration när dispersionen har låg viskositet.
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1. PURPOSE OF THE STUDY

The most commonly used adhesives for particleboard production are
formaldehyde-based amino resins. Although technically working well,
there are two main issues with these resins, they are petroleum based
and  they  have  to  be  tailor  made  in  order  to  obtain  sufficiently  low
formaldehyde emission from the produced boards. Therefore, it is
valuable to have adhesives based on renewable resources that are
formaldehyde free. However, the same technical performance has to be
obtained. One attractive option for this application is plant proteins,
such as protein from wheat and soy bean.1-3

The overall objective of this thesis is to evaluate the possibilities to
employ wheat gluten dispersion as an adhesive for particleboard
production.  The  study  aims  to  reveal  details  on  which  structural
parameters and processing conditions that affect the adhesive
performance in particleboards. More specifically the aim of this study
was  to  investigate  which  factors  that  have  a  significant  impact  on  the
performance of the WG dispersion.

The factors that were studied are the preparation of the dispersions, and
the use of cross-linker to enhance the performance. The processing
parameters were investigated by studying film formation and penetration
of the adhesive into the wood.
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2. INTRODUCTION

Proteins have been used as adhesives for thousands of years.4 One very
large volume area for adhesives is in the production of different wood
based materials such as laminated wood or particleboards.5 Wood  as  a
substrate for adhesives sets very special demands on the adhesive due to
the intrinsic hydrophilicity (moisture sensitivity) and porous character of
the wood tissue. Protein adhesives for more recent wood applications
were  commonly  made  with  soybean  in  combination  with  blood  and
casein.6 These adhesives were mostly employed for interior plywood,
which  did  not  require  high  moisture  resistance.  Once  protein-based
adhesives were the dominant wood adhesives however, since the 1960’s
they have for the most part been replaced by petroleum-based
adhesives.6-7 Most petroleum-based adhesives are superior in strength
and water resistance, furthermore, they are also more cost efficient.
Nevertheless, due to increased environmental and sustainability
awareness in addition to increased oil prices once again protein-based
adhesives are of interest.

2.1 Particleboards
Particleboard is a wood-based composite that is used for many
applications such as, for furniture, in flooring and as panels.
Particleboards  consist  of  wood particles  that  are  glued  together  at  high
temperature  and  high  pressure.  The  wood  particles  can  consist  of
sawdust, saw shavings, recycled wood, agricultural residue etc. The
particles are separated based on size, after they have been dried. The
sizes of the particles are of great importance and will influence the
properties of the final product. Normally, particleboards have three
layers, a core layer with coarser particles and a lower density and two
surface layers with finer particles and higher densities.8-9

The adhesive and other additives, such as hardeners and waxes, are
added,  through  nozzles,  to  the  particles  in  the  gluing  machines.  The
adhesive  and  other  components  are  distributed  on  the  surface  of  the
particles,  without  adding  any  external  pressure.  After  the  gluing,  the
particles  arrive  to  the  forming  station;  see  Figure  1  for  an  outline  of  a
particleboard  plant.  The  ratio  between  the  surface  layers  and  the  core
layer, and the amount of fine material in the core layer can be regulated
in  the  forming  station.  Usually,  the  formed  mat  goes  to  the  pre-press
before entering the hot press where the mat is subjected to high
temperature  and  high  pressure,  in  order  to  produce  final  boards.  The
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press  time and temperature  are  very  important,  since  it  is  necessary  to
get  a  high  enough  temperature  in  the  core  to  cure  the  adhesive,  at  the
same time as the temperature at the surface should not be too high to
avoid thermal degradation. The elevated temperature speeds up the
chemical curing of the adhesive. Traditionally ammonium salt is used as
the hardener, which reacts with the adhesive. The moisture content of
the glued particles is very important. If the moisture content is too high it
causes spring-back, due to steam blisters when the board is being
pressed.  However,  it  is  necessary  to  have  enough  humidity  to  ensure
sufficient heat transfer through the board, especially the core.

After  the  press,  the  boards  go  to  a  cooling  wheel,  and  finally  they  are
sanded and cut.8-9 Typical  line  speed  for  a  conti-line  is  about  28-30
m/min and the press factor is about 5 sec/mm.
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Figure 1. Outline of a particleboard plant.9

There are several tests used to determine the properties of
particleboards. Some of the most common properties normally
determined are: density of the board (dens.), internal bond (IB),
modulus  of  rupture  (MOR),  modulus  of  elasticity  (MOE),  thickness
swelling  (TS),  water  absorption  (ABS),  surface  soundness  (SS),
perforator values (PV), and the emission of formaldehyde from the
boards. The requirements are determined by several institutes and
legislations, such as, the Swedish Standard Institute (SIS) and California
Air Resources  Board.11-12

The requirements on particleboard properties depend on which end-use
application  they  are  intended  for.  There  are  standards  that  define  the
requirements where one typical standard for furniture for example is EN
312 quality P2, which states that the properties for a 16 mm board should
be  as  follows:  IB  0.35  MPa,  MOR 13  MPa,  MOE 1500 MPa and SS  0.8
MPa.11



INTRODUCTION

5

2.2 Adhesion and Adhesives

 2.2.1 Adhesion principles

Adhesion refers to the interaction of the surfaces of the substrate and the
adhesive. This interaction consists of both a mechanical and a chemical
aspect. There are several theories from different fields to describe the
mechanisms of adhesion, such as mechanical interlocking, adsorption
/surface reaction, electrostatic, and diffusion theories.13-15

Chemical interactions occur on a molecular level between the adhesive
and the substrate, and it is necessary to have an intimate contact
between the  adhesive  and the  substrate  to  achieve  this.   In  Table  1  the
strengths of interactions for some types of bonds are presented.
However, these values are for a single interaction and obtaining a strong
bond will  require  a  large  number  of  interactions  that  are  evenly  spread
throughout the interface. The different bond types also differ in respect
to distance and direction dependence of the interaction. A covalent bond
for example acts on a specific distance while a dipol-dipol interaction
decay  in  strength  over  a  larger  range  of  distance  between  the  two
molecules.1,13-14 Mechanical interlocking occurs when the adhesive
penetrates into pores, cavities or irregularities on the surface of the
substrate.13 The mechanical  interlocking  can  act  on  longer  length  scales
since  the  components  interlock  in  size  ranges  from  micrometres  and
upwards.

Table 1. Bond strengths from literature bond types and typical bond energies.12

Adhesive joint failure can be divided into interface failure, which occurs
in the interface between the adhesive and the substrate, cohesive failure
which  appears  within  the  adhesive,  and substrate  failure  that  occurs  in
the substrate. It will thus be the weakest link that determines the overall
performance of the joint product.

Type Bond Energy
(kJ·mol–1)

Primary bonds
Ionic 600–1100
Covalent 60–700
Metallic, coordination 110–350

Donor-acceptor bonds
Brønsted acid-base interactions Up to 1000

(i.e., up to a primary ionic bond)
Lewis acid-base interactions Up to 80

Secondary bonds
Hydrogen bonds (excluding fluorines) 1–25

Van der Waals bonds
Permanent dipole-dipole interactions 4–20
Dipole-induced dipole interactions Less than 2
Dispersion (London) forces 0.08–40
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 2.2.2 Wetting, flow and penetration

For  the  formation  of  a  bond  it  is  essential  for  the  adhesive  to  wet  the
substrate, and to be able to flow over it; penetration of the surface is also
necessary.  A  good  wetting  implies  that  the  adhesive  and  the  substrate
come in contact on a molecular level.  The wetting of a surface is driven
by a reduction in overall  surface energy of the system meaning that the
adhesive must have a lower surface tension than the surface to be wetted.
This can for example be observed by monitoring the contact angle where
a  decrease  in  contact  angle  means  better  wetting.  Another  factor  that
affects the wetting is the surface topography on different length scales
where an increased roughness may induce reduced wetting. The balance
between  the  surface  energy  for  a  specific  surface  and  a  liquid  in
combination with different topographies may induce either enhanced or
reduced  total  wetting  of  the  surface.  This  can  be  exemplified  with  the
lotus leaves having a reasonably low surface energy combined with a very
rough surface on a nanoscale resulting in a super hydrophobic surface.16

To form a  strong  bond it  is  also  important  that  the  adhesive  covers  the
surface of the substrate and this depends on the adhesives ability to flow
over  the  surface  of  the  substrate.  The  flow  is  driven  by  the  surface
tension as well as any applied external force and restricted by the level of
viscosity of the adhesive. The viscosity determines the adhesives ability
to resist a deformation as a function of shear rate, temperature and
applied  force.  A  high  viscosity  means  higher  resistance  to  flow  for  a
specific liquid.

Penetration is the movement of the adhesive into the substrate. Besides
the  surface  energies  and  viscosity  of  the  adhesives,  the  penetration  is
dependent  on  the  size  of  the  pores,  cavities  and  the  roughness  of  the
substrate.
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2.2.3 Adhesives

Adhesives have a wide range of use and are employed for bonding
various materials where wood bonding is one of the largest markets for
adhesives. Polymer adhesives can be either thermosets or thermoplastics
where the former dominates for structural adhesives with high demands
on mechanical strength. Thermosetting adhesives cure (cross-link)
irreversibly. The curing process can be initiated by a hardener or change
in condition such as added heat, change in pH or contact with moisture.
Thermoplastic adhesives are set on cooling or by drying by solvent/water
evaporation. They can be reactivated with heat or solvent since they are
not cross-linked.

Depending  on  the  process  and  requirements  for  bonding  strength  and
water resistance different type of adhesives are employed.

Most commonly formaldehyde amino based adhesives are employed for
the production of particleboards.  The type of adhesive used depends on
the requirements of the boards, for example, to produce water resistant
boards, normally MUF (melamine-urea-formaldehyde) resins are used,
and for non-water resistant boards UF (urea-formaldehyde) or UMF
(urea-melamine-formaldehyde) resins are used. Today UMF resins are
employed more frequently in order for the boards to have sufficiently low
formaldehyde emission.12 A typical UMF resin consist of urea, melamine
and formalin that are reacted into a pre-polymer resin. This formulation
is added to the particles in the gluing process. The final cross-
linking/curing  occurs  during  the  pressing  of  the  board  at  elevated
temperatures, when the hardener, normally a ammonium salt, is also
present.13 The particles used for a particleboard are ill-defined as they are
porous,  different  in  size,  from  various  wood  species,  and  with  some
variation in moisture content. This means that the adhesive used needs
to be robust enough to perform well  within these variations.  One of the
keys  for  good bonding  of  the  particles  is  to  have  a  good distribution  of
the adhesive on the particles. One of the adhesive parameters that
influence the distribution is the viscosity of the adhesive.

2.3 Proteins
Proteins are composed of amino acids, the amino (-NH2) - and carboxyl
(-COOH) groups form peptide bonds and tie the amino acids together.
There are about 20 different amino acids that can be combined to form a
protein. The structure and the properties of the protein depend on the
protein  source.  Proteins  are  divided  into  two  major  categories,  fibrous
proteins  and  globular  proteins.  Fibrous  proteins  are  held  together  as



INTRODUCTION

8

fibrils by hydrogen bonds and they are insoluble in water. Globular
proteins  are  folded  and  they  are  more  compact  than  fibrous  proteins.
Principally, a combination of intramolecular secondary bonding forces
determines the shape of the protein.17-19

To  describe  and  understand  the  structure  of  proteins  it  is  necessary  to
study at least four levels of the structure, the primary, the secondary, the
tertiary and the quaternary level. The primary level describes the amino
acid sequence. The regularity of the repeating conformations of the
protein relates to the secondary level; examples of secondary structures
are α-helix and β-sheet. The tertiary level describes the three-
dimensional structure of a protein molecule. Aggregates of the protein
with other proteins or other molecules relates to the quaternary level.19-20

Proteins  have  a  long  tradition  in  material  science  which  can  be
exemplified  by  casein  being  used  as  an  adhesive  for  more  than  a
century.6 Proteins are one group of renewable materials that have been
proposed for different future material applications.21

2.3.1 Wheat gluten

Wheat  protein  can  be  divided  into  four  groups,  albumins,  globulins,
gliadins and glutenins. Albumins and globulins are water and salt
soluble, while gliadins are soluble in alcohol and glutenins are
dispersible in dilute acids or bases. Gliadins and glutenins correspond to
approximately 85% of the total protein content in wheat.22

Wheat gluten (WG) is a by-product from the production of wheat starch
and bioethanol. During this process the wheat is washed, and albumin
and globulins that are soluble in water and salts are washed out. Wheat
gluten consists of almost equal amounts of glutenins and gliadins and
these consist of large amounts of proline and glutamine amino acids.
Wheat  gluten  is  a  hydrophobic  protein  due  to  the  high  content  of  non-
polar amino acids. Wheat gluten as a typical commercial product consists
of ca. 80% proteins, and some polysaccharides, lipids and minerals as
remaining constituents.  The isoelectric point for wheat gluten is around
pH 7.3.22-26

The  gliadin  fraction  in  wheat  gluten  is  soluble  in  alcohol  and  the
molecular weight is in the range of 30 000-74 000 g/mol. Furthermore,
the gliadins constitute the viscous components in wheat gluten, while the
glutenin fraction contributes more to the elastic properties. Glutenins are
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dispersible in dilute acids and alkaline solutions and have a molecular
weight from approximately 500 000 g/mol to above 107 g/mol.22,24,27-30

WG undergoes polymerization/cross-linking when subjected to heat.
Glutenin cross-linking starts at temperatures above 55°C and for gliadins
a higher temperature (above 70°C) is necessary in order to initiate the
cross-linking.  Furthermore,  gliadins  link  to  glutenins  at  temperatures
above 90°C.31-33 It has also been demonstrated that the mechanical
properties of WG based materials can be adjusted by addition of external
cross-linkers or addition of plastisizers.31,35

WG is an elastomeric protein which possesses unique visco-elastic and
cohesive properties, making it suitable for material applications, such as
films for food packaging, foams and wood adhesives. 23,26-27,35-44 Today
this visco-elastic protein is mainly used in the bakery industry but it is
also being used as, for example, films for food packaging
applications.23,26-27,45-47

2.3.2 Soy Protein

Soy proteins are mainly globular and have a more hydrophilic character
than wheat gluten. The isoelectric point (pI) is at approximately pH 4.5.1

Soy protein can be divided into two groups, globulins which is the major
fraction, and albumins. Globulins are soluble in salt solutions, while
albumins are soluble in water. Globulins can be further categorized into
glycinin and conglycinin. Glycinins have a molecular weight between
200 000-400 000 g/mol and consist of six acid-base subunits that are
joined by disulfide bonds. Conglycinins have a molecular weight between
100 000-200 000 g/mol and consist of  three subunits that are coupled
by hydrogen bonds. Conglycinins are less hydrophobic than the
glycinins.1, 48-49

Soy protein isolate has a high concentration of protein, approximately
92%,  and is  therefore  more  expensive  than for  example  soy  flour  (48%
protein). The higher the protein content the higher is the price since
more processing is required.49

There has been a significant amount of research conducted on soy
protein for wood applications, including the employment of soy protein
in  combination  with  other  proteins  such  as  casein,  or  with  synthetic
polymers.  In addition, some experiments have been performed with soy
protein that has been subjected to heat or denaturation agents.50-55
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3. EXPERIMENTAL

This section will give a brief overview of the materials, instrumentation,
and synthetic procedures utilized in this thesis. More detailed
information can be found in the appended papers.

3.1 Material and equipment

Wheat gluten (WG) Reppe Vital from Lantmännen Reppe AB was used in
this study. The protein was obtained as a powder with a protein content
of ca 85% and with particle sizes equal or larger than 50 µm for 83% of
the sample, according to the supplier.

The employed soy protein isolate (SPI) Soy Pro 900 was supplied from
Roquette  (Qingdo  Crown  Imp.  &  Exp.  Corp.  Ltd).  According  to  the
supplier  the  protein  content  is  approximately  90%  and  at  least  96%  of
the sample has a particle size smaller than 150 µm.

Trimethylolpropane triacetoacetate (AATMP) (>90 %, CAS No 22208-
25-9) was supplied from Lonza.

Polyamidoamine epichlorohydrin Eka WS XO (PAAE; 15% in water, CAS
No 25212-19-5) was supplied from Eka Chemicals Ltd.

Sodium hydroxide solution 40 wt.% was supplied from Fischer Scientific.

Citric acid monohydrate was supplied from Merck AB.

Safranine-O (Basic Red 2), was supplied by ICN Biomedicals Inc.

UF  1115  (Urea  Formaldehyde  resin)  with  dry  content  65%,  UMF  0872
(Urea  Melamine  Formaldehyde  resin)  with  dry  content  68%,  and  UMF
1125 (68% dry content) were supplied from Casco Adhesives AB.

The  wood  particles  were  kindly  supplied  by  ACB  Laminat  AB  and
Byggelit AB. Two types of particles were used: dried core-particles and
green particles.  The particles consist mainly of spruce, some pine and a
small part of other wood materials. Particle size distributions are
reported in papers I, II and III.

Pine veneer (flat sliced) was supplied by Fanérkompaniet AB. The sizes
of the veneers are reported in paper IV.



EXPERIMENTAL

11

Beech veneer (flat sliced) was supplied by Holm Trävaror AB. The sizes
of the veneers are reported in paper IV.

An upright  drilling  machine  was  utilized  for  the  gluing  of  the  particles,
see  Figure  2.  It  consists  of  a  container  and  an  agitator.  The  container
diameter is 25.5 cm and its height is 35 cm. Furthermore, there is a baffle
inside the container in order to improve the mixing.

Figure 2.  The upright drilling machine employed to glue the particles.

The dryer is a large container where the particles are tumble-dried with
the help of an air stream that passes through the middle of the container.
The outlet temperature of the air is 40-50°C.

An  IR-scale  (Mettler  LP  16,  PM460)  was  used  for  determining  the
moisture content of the glued particles.

A  hydraulic  press,  Ake  (Mariannelund  Sweden),  with  two  pistons  was
used as a hot press (Type HPB-750X600X1X71). The piston area is 904
cm2 (the area of each piston is 452 cm2) and the press table dimension is
76 cm x 61 cm.

The  forming  station  consist  of  two  parts,  a  wagon  on  which  the  mat  is
formed and a feeder. The particles are brushed down from the feeder to a
plate  on  the  wagon,  which  moves  back  and  forth.  See  Figure  3,  the
forming station was built in-house at Casco Adhesives.
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Figure 3. Forming station, built in-house.

A  Brookfield  rheometer  with  spindle  number  3,  was  used  for
determination of the viscosity. The viscosity was determined at 25°C, and
the  speed  was  set  to  60rpm  for  the  12%  WG  dispersion,  12rpm  for  the
16% WG dispersion, and 1.5 for the 20% WG dispersion.

A Leica DMRM optical microscope (Leica Microsystems AB, Stockholm,
Sweden), equipped with a fluorescence filter (Leica filter cube H3) and a
CCD camera (Leica DFC 280), was used for the optical microscopy
studies.

An X-ray micro computed tomograph (Skyscan 1172, Bruker, Kontich,
Belgium) was used to evaluate the penetration of the adhesives into the
wood tissue.

3.2 Preparation and analysis of the dispersions

For the preparation of the wheat gluten (WG) dispersions, sodium
hydroxide solution (0.1 M, pH 13) or citric acid solution (0.05 M, pH 2.2)
was used as dispersing agent. The WG was added portion-wise to a
beaker  containing  the  sodium  hydroxide  or  the  citric  acid  solutions.  A
mechanical agitator was employed. In the case of the SPI dispersions, the
SPI was dispersed in water otherwise the same procedure was used.
Different levels of solid contents of the dispersion were prepared as
described in the different test series.
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An oil bath was utilized when dispersions were prepared at higher
temperature than room temperature. Furthermore, the dispersions were
used the day after they had been prepared, if not otherwise stated. For
some of the dispersions the solids content were determined
gravimetrically.

3.3 Gluing of the wood particles, forming and
particleboard pressing

The particles were glued in the upright drilling machine and the blending
time  was  2.5  minutes.  If  the  theoretical  moisture  content  of  the  glued
particles were above 16% they were dried before a mat was formed and
pressed. In some cases dispersion, cross-linker or water was added to the
glued particles after they had been dried and before the mat was formed.
The added amount of dry WG, dry SPI or dry WG and cross-linker was
10% per dry particles in all the experiments. For more details see papers
I, II and III.

The dimensions of the produced particleboards were 30 cm x 30 cm x 1.6
cm.  The boards were pressed at 185°C during 2.7 minutes. The pressure
cycle was: 1.5 x 107 Pa for 0.5 min, 4 x 106 Pa for 1.7 min and 2 x 105 Pa
for 0.5 min. A pressure of 2 x 105 Pa is required to keep the press closed.

3.4 Gluing of the Veneers

The dispersions (12,  16 and 20%) were brushed onto the veneers,  while
in  case  of  the  24%  dispersion  a  spatula  was  used.  Approximately  44  g
WG/ m2 were added on all veneers.

3.5 Test series

In this study several aspects of employing protein-based adhesives for
producing particleboards (PB) were investigated. Additionally, the
penetration pattern of the dispersions was investigated on veneers.  More
specifically, the type of particles used, the formulation of the adhesives
and the gluing process for the WG dispersions, the dispersing agent, and
use of cross-linker, were explored.
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3.5.1 Binder system – effect of dry protein versus protein/water
dispersions

In this set of experiments the proteins were used as dry protein powder
(DP) and as protein dispersions. All of these dispersions were prepared
at  room  temperature  (RT)  during  2h.   The  solids  content  of  the  SPI
dispersion  (SPIdisp-RT-2h)  was  12%  and  it  was  20%  for  the  WG
dispersion (WGdisp-RT-2h). The dry protein powder was employed in
combination  with  different  amounts  of  water  or  in  some cases  together
with  protein  dispersion.  For  more  details  regarding  the  gluing  and  the
drying of the particles see Table 2.

Table  2. The gluing conditions of the particles; for each experiment the
addition of WG or SPI was 10% /dry particles.

A board was also produced with UF 1115 (65%), which is a commercial
resin  from  Casco  Adhesives  AB;  6.4%  dry  resin  was  added  per  dry
particles and ammonium chloride (20%) was utilized as hardener, 4%
dry hardener was added per dry resin.

3.5.2 Binder system - time and temperature for the preparation of
the dispersions

The  following  experiments  were  conducted  according  to  a  factorial
screening design, and the results were analysed with partial least square
regression (PLS). The effect of the temperature (RT, 50 or 80°C) during
the preparation of the dispersion and the time (1, 3 or 5h) to prepare the
dispersion were investigated. Table 3 presents specific information on
how the dispersions were prepared and their solids content.
Furthermore, experiments were conducted with protein dispersions as
the adhesive and protein dispersion in combination with dry protein

Sample Water Drying time MC
type amount type amount glued particles

(g) (g) (g) (min) (%)
Water + SPI 110 - - SPI 85 - 13.0
Water + WG 110 - - WG 85 - 13.9
SPIdisp-RT-2h + SPI - SPIdisp-RT-2h 125 SPI 70 - 9.9
WGdisp-RT-2h +WG - WGdisp-RT-2h 137 WG 57 - 11.1
SPIdisp-RT-2h + dry - SPIdisp-RT-2h 706 - - 15 15.0
WGdisp-RT-2h + dry - WGdisp-RT-2h 423 - - 25 11.4
Water + SPI + dry 622 - - SPI 85 10 11.2
Water + WG + dry 340 - - WG 85 19 13.2
MC stands for Moisture Content
The first part in the sample name indicates what was added first, and so on. RT stands for the dispersion being prepared at
 room temperature and 2h that it was prepared during 2 hours. Dry indicates that the glued particles were dried.

Dispersion Dry protein
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powder as the adhesive. Table 4 provides details regarding the gluing and
the drying of the particles.

A second set of experiments were made on a second occasion, with the
same batch  of  particles,  however,  one  should  keep  in  mind that  during
this time the particles have aged. The dispersions were prepared at room
temperature,  50°C or 80°C, during 3h. Two boards were produced with
each dispersion.

Table 3. The conditions under which the dispersions were prepared.

See Table 4 for further information about the gluing and the drying of the
particles. This second set of experiments were analysed with partial least
square regression (PLS) together with the experiments conducted on the
first occasion. Moreover, it was presumed that room temperature equals
20°C.

Dispersion Protein Temperature Stirring time Solids content
(°C) (h) (%)

SPIdisp-RT-1h SPI RT 1 11.9
WGdisp-RT-1h WG RT 1 20.1
SPIdisp-RT-5h SPI RT 5 11.8
WGdisp-RT-5h WG RT 5 19.5
SPIdisp-50°C-3h SPI 50 3 12.7
WGdisp-50°C-3h WG 50 3 20.5
SPIdisp-80°C-1h SPI 80 1 12.4
WGdisp-80°C-1h WG 80 1 20.0
SPIdisp-80°C-5h SPI 80 5 15.1
WGdisp-80°C-5h WG 80 5 25.7

SPIdisp-RT-3h SPI RT 3 12.0
WGdisp-RT-3h WG RT 3 20.0
SPIdisp-50°C-3h (2) SPI 50 3 12.1
WGdisp-50°C-3h(2) WG 50 3 20.2
SPIdisp-80°C-3h SPI 80 3 12.6
WGdisp-80°C-3h WG 80 3 21.9
The first part of the sample name indicate the type of protein used in the dispersion, the second
part reveals the temperature at which the dispersion was prepared and the third part gives the
time during which it was prepared. When several boards were produced with the same
recipe, the numbers within the brackets distinguishes them from each other.
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Table 4. The gluing conditions; for each experiment the addition of WG or SPI
was 10% /dry particles.
Sample Water Drying time MC

type amount type amount glued particles
(g) (g) (g) (min) (%)

 SPIdisp-RT-1h + dry - SPIdisp-RT-1h 706 - - 14 12.9
 SPIdisp-RT-1h + SPI - SPIdisp-RT-1h 125 SPI 70 - 11.1
 WGdisp-RT-1h + dry - WGdisp-RT-1h 423 - - 7 13.9
 Water + WGdisp-RT-1h + WG 50 WGdisp-RT-1h 75 WG 70 - 12.0

 SPIdisp-RT-5h + dry - SPIdisp-RT-5h 718 - - 13 12.0
 SPIdisp-RT-5h + SPI - SPIdisp-RT-5h 125 SPI 70 - 10.2
 WGdisp-RT-5h + dry - WGdisp-RT-5h 434 - - 7 13.0
 Water + WGdisp-RT-5h + WG 48 WGdisp-RT-5h 77 WG 70 - 10.9

 SPIdisp-50°C-3h + dry (1) - SPIdisp-50°C-3h 706 - - 11 17.0
 SPIdisp-50°C-3h + dry (2) - SPIdisp-50°C-3h 706 - - 13.5 11.0
 SPIdisp-50°C-3h + dry (3) - SPIdisp-50°C-3h 706 - - 13 15.4
 WGdisp-50°C-3h + dry (1) - WGdisp-50°C-3h 413 - - 5 12.9

 SPIdisp-80°C-1h + dry - SPIdisp-80°C-1h 683 - - 12 15.0
 Water + SPIdisp-80°C-1h + SPI 4 SPIdisp-80°C-1h 121 SPI 70 - 12.2
 WGdisp-80°C-1h + dry - WGdisp-80°C-1h 423 - - 4.5 13.0
 Water + WGdisp-80°C-1h + WG 50 WGdisp-80°C-1h 75 WG 70 - 10.0

 SPIdisp-80°C-5h + dry - SPIdisp-80°C-5h 561 - - 8 14.1
 Water + SPIdisp-80°C-5h + SPI 26 SPIdisp-80°C-5h 99 SPI 70 - 11.0
 WGdisp-80°C-5h + dry - WGdisp-80°C-5h 329 - - 3 14.0
 Water + WGdisp-80°C-5h + WG 67 WGdisp-80°C-5h 58 WG 70 - 12.0

 SPIdisp-RT-3h + dry (1) - SPIdisp-RT-3h 706 - - 14.5 13.0
 SPIdisp-RT-3h + dry (2) - SPIdisp-RT-3h 706 - - 20* 16.0
 WGdisp-RT-3h + dry (1) - WGdisp-RT-3h 423 - - 6 15.4
 WGdisp-RT-3h + dry (2) - WGdisp-RT-3h 423 - - 6.5 13.7

 SPIdisp-50°C-3h + dry (4) - SPIdisp-50°C-3h (2)700 - - 13 15.8
 SPIdisp-50°C-3h + dry (5) - SPIdisp-50°C-3h (2)700 - - 13 14.6
 WGdisp-50°C-3h + dry (2) - WGdisp-50°C-3h(2)419 - - 6 13.3
 WGdisp-50°C-3h + dry (3) - WGdisp-50°C-3h(2)419 - - 6 13.5

 SPIdisp-80°C-3h + dry (1) - SPIdisp-80°C-3h 672 - - 12 12.6
 SPIdisp-80°C-3h + dry (2) - SPIdisp-80°C-3h 672 - - 11.5 13.4
 WGdisp-80°C-3h + dry (1) - WGdisp-80°C-3h 387 - - 6 12.2
 WGdisp-80°C-3h + dry (2) - WGdisp-80°C-3h 387 - - 5.5 10.9
MC stands for Moisture Content
The first part in the sample name indicates what was added first, and so on. For the dispersions the temperature at which they were
prepared aregiven and during how many hours. Dry indicates that the glued particles were dried.
When several boards were produced with the same recipe, the numbers within the  brackets distinguishes them from each other.
* The suction out of the dryer was turned off sometime during the first 14 minutes, therefore, the glued chips were dried for 6
additional minutes.

Dispersion Dry protein
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3.5.3 Effect of type of particles and storage of the dispersions

In this set of experiments the influence of the type of particles, green
particles (gp) or dried particles (dp) were studied. The green particles
were  divided  into  two parts,  and half  of  it  was  dried.  Furthermore,  the
effect  of  storing  the  dispersions,  1,  2.5  or  5  days,  was  evaluated.  The
dispersions were prepared at room temperature and during 1h. Partial
least square regression (PLS) was used to evaluate the results. Table 5
provides the details for these experiments.

Table  5. The gluing conditions of the particles; for each experiment the
addition  of  WG  or  SPI  was  10%  /dry  particles.  The  moisture  content,  of  the
glued particles, was determined after they had been dried.

3.5.4 Effect of the gluing process - application methods 1 and 2

In this test series the focus was on wheat gluten dispersions and how the
concentration of the dispersions and the application method influences
the board properties. Dispersions with different concentrations were
used  and two application  methods  were  employed  for  the  gluing  of  the
particles. When application method 1 (appl. 1) was used all the
dispersion was added to the particles and then the particles were dried
before  a  mat  was  formed  with  the  help  of  the  forming  station  and  the
board  was  pressed.  Application  method  2  is  a  two-step  process.  In  the
first  step,  80%  of  the  total  amount  of  the  dispersion  is  added  to  the
particles and in the second step, after the particles have been dried, the

Sample Particles MC
type amount type amount glued particles

(g) (g) (%)
 gp + SPIdisp-1d + dry green 1695 SPIdisp-RT-1h 703 8.9
 gp + WGdisp-1d + dry green 1695 WGdisp-RT-1h 422 13.4
 dp + SPIdisp-1d + dry dried 864 SPIdisp-RT-1h 703 11.9
 dp + WGdisp-1d + dry dried 864 WGdisp-RT-1h 422 14.0
 dp + SPIdisp-2.5d + dry (1) dried 864 SPIdisp-RT-1h 703 12.9
 dp + SPIdisp-2.5d + dry (2) dried 864 SPIdisp-RT-1h 703 11.6
 dp + SPIdisp-2.5d + dry (3) dried 864 SPIdisp-RT-1h 703 10.7
 gp + SPIdisp-4d + dry green 1695 SPIdisp-RT-1h 703 14.4
 gp + WGdisp-4d + dry green 1695 WGdisp-RT-1h 422 8.2
 dp + SPIdisp-4d + dry dried 864 SPIdisp-RT-1h 703 12.1
 dp + WGdisp-4d + dry dried 864 WGdisp-RT-1h 422 15.6
MC stands for Moisture Content
The first part of the name indicates if green chips (gp) or dried particles (dp) were utilized. The second part reveals the
type of protein used. The first number indicates how many days the dispersion was stored, and the final part reveals that
the glued particles were dried. When several boards were produced with the same recipe, the numbers within the brackets
distinguishes them from each other.

Dispersion
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rest of the dispersion is added before a mat is formed and pressed. See
Table 6 for further information regarding the execution of the
experiments.

A particleboard was made with a commercial UMF resin (UMF 0872
(68%))  from Casco  Adhesives  AB.  The  resin  dosage  was  6.4% dry  resin
per dry particles and 4% of dry hardener (ammonium chloride) per resin
was added.

Table 6. The gluing of the particles; for each experiment the addition of WG
was  10%  /dry  particles.  The  moisture  content,  of  the  glued  particles,  was
determined before the mat was formed and pressed.
Sample  Dispersion Step 1 Step 2 MC

conc. amount amount glued chips
(%) (g) (g) (%)

WG-12_1 (1) 12 811 - 13.0
WG-16_1 (1) 16 608 - 13.3
WG-20_1 (1) 20 487 - 12.9
WG-24_1 (1) 24 405 - 11.5
WG-12_2 (1) 12 649 162 14.0
WG-16_2 (1) 16 487 122 13.2
WG-20_1 (2) 20 487 - 11.5
WG-20_2 (1) 20 389 97 14.1
WG-20_2 (2) 20 389 97 12.2
WG-20_1 (3) 20 487 - 11.2
WG-24_2 (1) 24 324 81 12.7
WG-20_2 (3) 20 389 97 15.3
WG-24_2 (2) 24 324 81 n.d
WG-12_1 (2) 12 811 - n.d
WG-20_2 (4) 20 389 97 n.d
WG-16_1 (2) 16 608 - n.d
WG-16_2 (2) 16 487 122 n.d
WG-20_1 (4) 20 487 - n.d
WG-12_2 (2) 12 649 162 n.d
WG-24_1 (2) 24 405 - n.d
MC stands for Moisture Content
The first number in the sample name points to the concentration (12, 16, 20 or 24 %) of the dispersion and
the second number identifies the application method (method 1 or 2).  When several boards were made with
the same recipe, the numbers within the brackets distinguishes them from each other. n.d stands for no data.
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3.5.4.1 Effect of water

Two control experiments were conducted with WG 12%, in order to study
the  effect  of  water  in  the  two-step  process.  One  board  was  made
according  to  application  method 2,  while  the  other  board  was  made  by
adding  all  the  dispersion  in  one  step  before  the  drying  of  the  particles
and  then  water  was  added  in  a  second  step.  The  amount  of  water
corresponds  to  the  amount  of  water  that  would  be  added in  the  second
step of the two-step process via the dispersion, see Table 7.

Table 7. The  gluing  of  the  particles;  for  each  experiment  the  addition  of  WG
was  10%  /dry  particles.  The  moisture  content,  of  the  glued  particles,  was
determined before the mat was formed and pressed.

3.5.5 Effect of dispersion pH and cross-linker structure

In the following set of experiments, WG dispersions of 16% with sodium
hydroxide and citric acid as dispersing agents were evaluated. PAAE and
AATMP were tested as cross-linkers, in both cases. Application method 2
was employed for all samples in this test series. For more details
regarding the experiments see Table 8.

Sample  Dispersion Step 1 Step 2 Water MC
conc. amount amount glued chips
(%) (g) (g) (g) (%)

WG-12_2 (3) 12 649 162 - n.d
WG-12_W 12 811 - 142 13.0
MC stands for Moisture Content
The firs t number in the sample name indicates the concentration (12 %) of the dispersion and then the
application method is specified, 2 stands for application method 2 and W stands for addition of water
in a second step. When several boards were made with the same recipe, the numbers within the brackets
distinguishes them from each other. n.d stands for no data.
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Table  8. Details of the formulation and procedures for the different test series
dealing with NaOH or CA as dispersing agents, and PAAE or AATMP as cross-
linkers. The sample name is based on protein type, dispersion type, used cross-
linker and amount of cross-linker.

3.5.5.1 Varied cross-linker content

Experiments  were  performed  with  WG  dispersed  in  sodium  hydroxide
solution and with different amounts of PAAE as cross-linker. Table 9
shows the details for the gluing and the drying of the particles.

Table  9. Details of the formulation and procedures for the different test series
dealing with NaOH as dispersing agent, and different PAAE amounts as cross-
linker.

Sample Dispersing Cross-linker Cross-linker Time for MC MC
agent type CL/WG dispersion cross-linker disp. + CL water drying after drying dispersion cross-linker disp. + CL water glued particles

(%) (g) (g) (g) (g) (min) (%) (g) (g) (g) (g) (%)
WG_NaOH (1) NaOH - 0 489 0 179 28 3.6 122 0 - 45 13.8
WG_NaOH_AATMP_10 NaOH AATMP 10 - - 460 208 28 2.2 - - 115 52 13.8
WG_NaOH_PAAE_10 (1) NaOH PAAE 10 444 47 - 176 26.5 4.0 111 12 - 44 14.3
WG_NaOH_AATMP_20 NaOH AATMP 20 - - 422 246 27 2.6 - - 105 62 14.2
WG_NaOH_PAAE_20 NaOH PAAE 20 407 87 - 174 28 3.7 102 22 - 43 13.9

WG_CA CA - 0 489 - - 179 27 2.9 122 - - 45 13.9
WG_CA _AATMP_10 CA AATMP 10 - - 460 208 28 4.4 115 52 14.4
WG_CA _PAAE_10 CA PAAE 10 444 47 - 176 28 2.6 111 12 - 44 12.7
WG_CA _AATMP_20 CA AATMP 20 - - 422 246 26 3.0 - - 105 62 13.2
WG_CA _PAAE_20 CA PAAE 20 407 87 - 174 26.5 3.0 102 22 - 43 14.1

WG_NaOH_PAAE_15 (1) NaOH PAAE 15 425 68 - 175 27 2.7 106 17 - 44 13.1
WG_NaOH_PAAE_15 (2) NaOH PAAE 15 425 68 - 175 27.5 2.4 106 17 - 44 13.8
WG_NaOH_PAAE_15 (3) NaOH PAAE 15 425 68 - 175 26.5 3.2 106 17 - 44 13.8
MC stands for Moisture Content
The sample names are based on the type of dispersion, dispersing agent, used cross-linker and the amount of cross-linker.
When several boards were made with the same recipe, the numbers within the brackets distinguishes them from each other.

Step 1  amount Step 2  amount

Sample Cross-linker Time for MC MC
CL/WG dispersion cross-linker water drying after drying dispersion cross-linker water glued particles

(%) (g) (g) (g) (min) (%) (g) (g) (g) (%)
WG_NaOH (2) 0 489 0 179 21.5 3.4 122 0 45 13.1
WG_NaOH_PAAE_2,5 2.5 477 13 178 21 3.1 119 3 45 13.3
WG_NaOH_PAAE_5 (1) 5 465 25 178 27 1.4 116 6 44 12.4
WG_NaOH_PAAE_5 (2) 5 465 25 178 21 5.5 116 6 44 14.1
WG_NaOH_PAAE_5 (3) 5 465 25 178 21.5 2.5 116 6 44 12.6
WG_NaOH_PAAE_7,5 7.5 454 36 177 24 2 114 9 44 12.1
WG_NaOH_PAAE_10 (2) 10 444 47 176 21.5 2.7 111 12 44 13.0
WG_NaOH (1)* 0 489 0 179 28 3.6 122 0 45 13.8
WG_NaOH_PAAE_10 (1)* 10 444 47 176 26.5 4.0 111 12 44 14.3
WG_NaOH_PAAE_20* 20 407 87 174 28 3.7 102 22 43 13.9
WG_NaOH_PAAE_15 (1)* 15 425 68 175 27 2.7 106 17 44 13.1
WG_NaOH_PAAE_15 (2)* 15 425 68 175 27.5 2.4 106 17 44 13.8
WG_NaOH_PAAE_15 (3)* 15 425 68 175 26.5 3.2 106 17 44 13.8
MC stands for Moisture Content
The sample names are based on the type of dispersion, dispersing agent, used cross-linker and the amount of cross-linker.
When several boards were made with the same recipe, the numbers within the brackets distinguishes them from each other.
* Also presented in section 3.5.5

Step 1  amount Step 2  amount
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3.5.6 Film formation and penetration pattern of the dispersions
on veneers

Different test series were assessed in order to evaluate different process
parameters on veneers as described below. All samples were evaluated
with optical microscopy. Two samples (P.WG 12%_appl. 1 (50) and
P.WG 12%_appl. 2 (50) (details in Table 10) were selected for Micro-CT
analysis).

3.5.6.1 Variation of application procedure and concentrations of the
dispersions

Dispersions  (12%,  16  %,  20  %  or  24%)  were  added  to  the  veneers
according  to  application  method  1  (appl.  1)  or  application  method  2
(appl.  2)  as  described  in  section  3.5.4.  For  appl.  1,  all  of  the  dispersion
was  added  to  the  veneer  in  one  step  and  then  the  veneer  was  dried  at
50°C  in  a  heating  oven.  The  veneers  were  kept  in  the  oven  until  the
added dispersion had dried. In the case of appl. 2, 80% of the dispersion
was added to the veneer in the first  step and then it  was dried at 50°C.
The rest of the dispersion was then added, and the veneer was dried at
room temperature. For details on formulation compositions, see Table
10.

Table 10. Details of the formulations and procedures to prepare the veneers for
microscopy analysis.

3.5.6.2 Effect of PAAE as cross-linker and citric acid as dispersing agent

When PAAE was used as cross-linker appl. 2 was used, and in both steps
the  dispersion  (16  %)  was  added before  the  PAAE solution.  Full  details
on the compositions are presented in Table 11.

Sample WG conc. Appl. Veneer Step 1 Drying time Step 2 Total
P.WG 12%_appl.1 (50) 12% 1 P1 9.1 g 28 min - 9.1 g
P.WG 12%_appl.2 (50) 12% 2 P1 7.3 g 25 min 1.8 g 9.1 g
P.WG 16%_appl.1 (50) 16% 1 P4 7.4 g 20 min - 7.4 g
P.WG 16%_appl.2 (50) 16% 2 P4 5.9 g 20 min 1.5 g 7.4 g
P.WG 20%_appl.1 (50) 20% 1 P1 5.5 g 20 min - 5.5 g
P.WG 20%_appl.2 (50) 20% 2 P1 4.4 g 20 min 1.1 g 5.5 g
P.WG 24%_appl.1 (50) 24% 1 P2 4.6 g 20 min - 4.6 g
P.WG 24%_appl.2 (50) 24% 2 P2 3.7 g 20 min 0.9 g 4.6 g
The sample names are given to indicate wood species, protein type, dispersion concentration, application method,
and drying temperature, e.g. P.WG 12%_Appl.1 (50) means: Pine, Wheat Gluten, 12% dispersion, application method 1
and drying at 50 °C. P1 to P4 indicates different sizes of the veneers, for more details see paper IV.
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Appl. 2 was also employed when the penetration pattern of the
dispersion based on citric acid and WG (16%) was evaluated, as
presented in Table 11.

Table 11. Details of the formulations and procedures to prepare the veneers for
microscopy analysis.

3.5.6.3 Effect of drying temperature

Wheat gluten dispersions (12% or 20%) were applied onto the veneers
both according to appl. 1 and appl. 2. The different drying temperatures
evaluated  were  RT  (~20°C),  50°C,  80°C  and  120°C.  For  the  elevated
temperatures a heating oven was utilized. Details are available in Table
12.

Table 12. Details of the formulations and procedures to prepare the veneers for
microscopy analysis.

3.5.6.4 Effect of wood species

Wheat gluten dispersions (12% or 20%) were added to pine and beech
veneers employing appl. 1 and appl. 2 and then dried at a temperature of
50°C. For more details see Table 13.

Sample WG conc. Appl. Disp. agent CL Veneer Step 1 Drying time Step 2 Total
P.WG 16%_appl.2 (50) 16% 2 NaOH P1 5.4 g 20 min 1.4 g 6.8
P.WG 16%_appl.2 (50) PAAE 16% 2 NaOH PAAE P1 4.3+1.2 g 20 min 1.1+0.3 g 6.9
P.WG 16%_CA_appl.2 (50) 16% 2 CA P2 5.5 g 20 min 1.4 g 6.9
The sample names are given to indicate wood species, protein type, dispersion concentration, application method, drying temperature
and cross-linker. P1 to P4 indicates different sizes of the veneers, for more details see paper IV.

Sample WG conc. Appl. Drying temp. Veneer Step 1 Drying time Step 2 Total
P.WG 12%_appl.1 (RT) 12% 1 RT P1 9.1 g over night - 9.1 g
P.WG 12%_appl.2 (RT) 12% 2 RT P1 7.3 g ~8h 1.8 g 9.1 g
P.WG 20%_appl.1 (RT) 20% 1 RT P1 5.5 g over night - 5.5 g
P.WG 20%_appl.2 (RT) 20% 2 RT P1 4.4 g ~8h 1.1 g 5.5 g
P.WG 12%_appl.1 (50) 12% 1 50°C P1 9.1 g 28 min - 9.1 g
P.WG 12%_appl.2 (50) 12% 2 50°C P1 7.3 g 25 min 1.8 g 9.1 g
P.WG 20%_appl.1 (50) 20% 1 50°C P1 5.5 g 20 min - 5.5 g
P.WG 20%_appl.2 (50) 20% 2 50°C P1 4.4 g 20 min 1.1 g 5.5 g
P.WG 12%_appl.1 (80) 12% 1 80°C P2 9.3 g 20 min - 9.3 g
P.WG 12%_appl.2 (80) 12% 2 80°C P2 7.4 g 20 min 1.9 g 9.3 g
P.WG 20%_appl.1 (80) 20% 1 80°C P2 5.6 g 20 min - 5.6 g
P.WG 20%_appl.2 (80) 20% 2 80°C P2 4.5 g 20 min 1.1 g 5.6 g
P.WG 12%_appl.1 (120) 12% 1 120°C P3 9.5 g 20 min - 9.5 g
P.WG 12%_appl.2 (120) 12% 2 120°C P3 7.6 g 20 min 1.9 g 9.5 g
P.WG 20%_appl.1 (120) 20% 1 120°C P3 5.7 g 20 min - 5.7 g
P.WG 20%_appl.2 (120) 20% 2 120°C P3 4.6 g 20 min 1.1 g 5.7 g
The sample names are given to indicate wood species, protein type, dispersion concentration, application method, drying
temperature. P1 to P4 indicates different sizes of the veneers, for more details see paper IV.
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Table 13. Details of the formulations and procedures to prepare the veneers for
microscopy analysis.

3.6 Board evaluation

3.6.1 Sample preparation of the boards

The  boards  were  conditioned  for  one  week  at  20  ±  2  °C  and  a  relative
humidity  (RH)  of  65  ±  5  %.  In  order  to  be  able  to  evaluate  the  results
statistically  six  pieces  (5  cm  x  5  cm)  of  each  sample  were  analysed  for
each property.

3.6.2 Evaluated board properties

The  density  (dens.),  internal  bond  (IB),  thickness  swelling  (TS),  and
water  absorption  (ABS)  properties  were  analysed.  The  IB  and  the  TS
were measured according to the European standards SS-EN 319 and SS-
EN 317. To determine the ABS, the same pieces that were used to
measure TS were weighted, and the increase in percent is defined as the
ABS of the board. Higher IB values are desirable, while in the case of TS
and ABS lower values are preferable.

3.6.3 Evaluation with multivariate data analysis

SIMCA-P+ from Umetrics AB (Umeå, Sweden), is a software program for
multivariate data analysis that has been used to evaluate the
experiments.  The  coefficients  are  scaled  to  unit  variance  1.  A  more
extensive description of this methodology is presented in papers I, II and
III.

Sample Veneer WG conc. Appl. Veneer Step 1 Drying time Step 2 Total
P.WG 12%_appl.1 (50) Pine 12% 1 P1 9.1 g 28 min - 9.1 g
P.WG 12%_appl.2 (50) Pine 12% 2 P1 7.3 g 25 min 1.8 g 9.1 g
B.WG 12%_appl.1 (50) Beech 12% 1 B 8.5 g 28 min - 8.5 g
B.WG 12%_appl.2 (50) Beech 12% 2 B 6.8 g 25 min 1.7 g 8.5 g
P.WG 20%_appl.1 (50) Pine 20% 1 P1 5.5 g 20 min - 5.5 g
P.WG 20%_appl.2 (50) Pine 20% 2 P1 4.4 g 20 min 1.1 g 5.5 g
B.WG 20%_appl.1 (50) Beech 20% 1 B 5.1 g 20 min - 5.1 g
B.WG 20%_appl.2 (50) Beech 20% 2 B 4.1 g 20 min 1.0 g 5.1 g
The sample names are given to indicate wood species, protein type, dispersion concentration, application method, drying
temperature. P1 to P4 indicates different sizes of the veneers, for more details see paper IV.
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3.7 Evaluation of the glued veneers

3.7.1 Optical microscopy evaluation

All samples were kept in a conditioned room (Temperature 20 ± 2 °C and
relative humidity 65 ± 5 %) before they were analysed. The veneers were
then cut using a razorblade in order to obtain as clean a cut as possible.
The  cut  surface  was  then  stained  with  a  water  solution  of  Safranine-O
(0.05% w/w) and images were directly taken on the cut interface.

3.7.2 X-ray micro computed tomography (Micro-CT)

An approximately 5 mm wide sample was cut from the centre of the
veneer and placed in the micro-CT. Specimens were acquired using:
source  voltage:  25  kV;  current:  140  μA;  and  an  isotropic  pixel  size  of  1
μm2. Reconstruction of cross sections was performed using software
package  NRecon  (SkyScan,  Bruker,  Kontich,  Belgium).  The
reconstructed images were binarized to separate the glue from the veneer
and the background, using adaptive thresholding. The thickness of the
glue was calculated using CTAn (SkyScan, Bruker, Kontich, Belgium).
Three-dimensional reconstructions of the samples were obtained using
CTvox (SkyScan, Bruker, Kontich, Belgium).
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4. RESULTS AND DISCUSSION

4.1  Binder system – effect of dry protein versus
protein/water dispersions

The experiments described in 3.5.1 were conducted as a starting point to
find out which factors are important, in order to obtain relevant
information for designing the subsequent experiments. These
experiments were performed using dry protein powder (DP) in
combination with water, protein dispersion, or protein dispersion
together with dry protein powder.

When a dispersion or in some cases dry protein powder in combination
with  water  was  employed  as  an  adhesive  it  was  necessary  to  dry  the
particles  before  pressing  the  boards.  When  dry  protein  powder  was
combined  with  a  dispersion  or  small  amounts  of  water,  it  was  not
necessary to dry the particles. The results are presented in Table 14.

Table 14 – Summary of the results from the experiments described in section
3.5.1.  Higher  IB  values  are  sought,  in  contrast  to  TS  and  ABS  where  lower
values are preferable. The values are means ± standard deviation.

Using UF resin as the adhesive resulted in a board with better properties
compared to the boards where protein-based adhesives were utilized.
The exceptionally high internal bond (IB) value can to some extent be
explained by the high density. Most likely, this board had a higher
density  due  to  the  fact  that  the  particles  glued  with  the  UF  resin  had
much higher tack. This means that the edges of the mat are kept together
more efficiently and less particles fall off the mat.

Sample Dens. (kg/m³) IB (MPa) ABS (%) TS (%) MC (%)
Water + SPI 620 ± 51 0.08 ± 0.05 178 ± 16 82 ± 4 13.0
Water + WG 605 ± 39 0.06 ± 0.03 210 ±10 100 ± 7 13.9
SPIdisp + SPI 662 ± 14 0.18 ± 0.02 186 ± 20 90 ± 3 9.9
WGdisp + WG 569 ± 37 0.19 ± 0.04 187 ± 2 83 ± 9 11.1
SPIdisp + dry 602 ± 44 0.17 ± 0.05 158 ± 12 68 ± 3 15.0
WGdisp + dry 572 ± 29 0.35 ± 0.06 165 ± 15 63 ± 7 11.4
Water + SPI + dry 612 ± 63 - - - 11.2
Water + WG + dry - - - - 13.2
UF 1115 700 ± 48 0.82 ± 0.13 91 ± 3 37 ± 3 7.0
MC stands for Moisture Content
The sample name indicates the order of which the components were added and finally if the glued particles were dried.
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Even if  the  results  with  the  protein-based  adhesives  are  not  as  good as
the results with the UF resin, these resins do show potentials. The results
reveal that it is beneficial to disperse the proteins instead of using them
as  dry  protein  powder.  Moreover,  when  a  high  amount  of  water  was
added  to  the  particles  before  the  addition  of  dry  protein  powder,  the
board  properties  were  very  poor.  In  the  case  of  WG  the  board
delaminated  and  in  the  case  of  SPI  it  was  impossible  to  measure  the
board  properties,  due  to  very  poor  glue  bonds.  This  indicates  that  to
obtain the best gluing properties for these proteins, they need to be
dispersed. It  is  not enough to just have water present together with the
protein.

When  the  SPI  dispersion  was  used  and  the  glued  particles  were  dried
(SPIdisp  +  dry),  the  internal  bond is  similar  to  when SPI  dispersion  in
combination  with  SPI  powder  (SPIdisp  +  SPI)  was  employed.  A
suggested explanation, for the similar internal bond values, is that in the
first case the density of the board is lower,  which can result  in lower IB
values.7 Additionally, there is a difference in the moisture content of the
glued particles.

4.2  Binder system, time and temperature for the
preparation of the dispersions

To evaluate the influence of each factor on the board properties,  partial
least square regression (PLS) was used to analyse the experiments
presented  in  section  3.5.2.  The  five  controlled  factors  were:  type  of
protein, SPI or WG; binder system, dispersion and drying or dispersion
and dry protein powder (DP); temperature during the preparation of the
dispersion,  RT  (20°C),  50°C  or  80°C;  time  for  the  preparation  of  the
dispersion, 1, 3 or 5 h; when the experiments were conducted, occasion 1
or occasion 2. Additionally, two factors that could not be controlled
entirely,  although  determined,  were:  the  density  of  the  boards  and  the
moisture content of the glued particles before the hot press. The three
responses were: IB, TS and ABS.

In a summary of fit plot R2Y describes the variation in Y (the responses)
that can be correlated to X (the factors), and Q2 describes how large part
of  Y  (the  responses)  that  can  be  predicted  by  the  model  according  to
cross validation. The higher R2Y and Q2 the better model; furthermore,
the difference between the R2Y and the Q2 value should not be too large.
If the difference is too large it means that the model is over estimated. A
summary  of  fit  plot  obtained  by  PLS (projection  to  latent  structures  by
means of partial least square analysis), may include several components
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(Comp). Each component provides information that explains the
variation in the data. The difference between R2Y and Q2 in component 1
and 2 shows the amount of explanation found in component 2.

The summary of fit plot in Figure 4 shows that a good model is obtained
for the different responses, based on the observations. In view of this
fact,  this  model  can  be  used  to  evaluate  how  the  different  factors
influence the properties of the particleboards.

Figure 4. Summary of fit plot for a model based on all experiments in section
3.5.2.

A scatter plot illustrates the distribution within a set of experiments and
reveals if there are group formations. In Figure 5 six groups can be seen
based on the type of protein, binder system, and when the experiments
were conducted. The squares represent the experiments where a
dispersion  was  used  in  combination  with  the  protein  powder.  The
samples where only a dispersion was employed as an adhesive are
indicated as triangles. Furthermore, the boards that were produced on
the second occasion are denoted by the circles. Each one of these three
groups  can  be  divided  into  two  sub-groups,  depending  on  the  type  of
protein used; the samples more to the left within each group represent
WG.
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Figure 5. Scatter plot for all experiments in section 3.5.2, showing the
formations of groups depending on formulation, type of protein and when the
experiments were conducted. Dispersion in combination with protein powder
(■ ▲), pure dispersions, first occasion ( ), pure dispersions, second occasion
(○).

Figure  6  shows  a  coefficient  plot  which  represents  the  different  factors
and reveals their impact on a response. Each bar represents different
factors and the size of the bar illustrates the importance of the factor; the
larger  the  bar,  the  more  important  is  the  factor.  If  a  qualitative  factor,
such as type of protein, is positive it means that the response value will
increase with the use of this factor. However, if it is negative the response
value will decrease. In the cases of quantitative factors, such as the
temperature and the time for the preparations of the dispersions, a
positive  factor  means  that  the  higher  the  value  of  the  factor  the  higher
the value of the response.  On the other hand if the factor is negative, the
higher  the  absolute  value  of  the  factor  the  lower  the  value  of  the
response.  If the line representing the standard deviation crosses the zero
value it means that this factor is not significantly important. The
different components in summary of fit plots will have different
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coefficient plots; the coefficient plot for the first components will be
presented, unless the other components provide additional information.
The factor with the main influence on the internal bond (IB) value is the
binder system, according to Figure 6. It is also an advantage to use the
proteins as dispersions. Furthermore, another significant factor is on
which  occasion  the  experiments  were  conducted;  it  seems  as  if  the
boards made on the second occasion had higher IB values. A possible
explanation to this might be the fact that during the time that has passed
between  the  two  occasions  the  particles  have  aged,  which  changes  the
properties of the particles. The results indicate that it is beneficial if the
glued particles have higher moisture content; nevertheless, most likely
this is only true to a certain level since higher moisture content will lead
to  delamination  of  the  boards,  due  to  steam  blisters.  Additionally,  it
seems  like  SPI  may  be  better  than  WG  considering  the  internal  bond
property; one plausible explanation can be that SPI (protein content ca.
90%) contains a higher amount of protein than WG (protein content ca.
85%).

Figure 6. Coefficient plot (first component) for internal bond (IB), a high value
of IB is desirable.
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Also  in  the  case  of  the  thickness  swelling  of  the  boards,  the  principal
factor is the binder system; it is favourable to use dispersions (see Figure
7). Likewise, higher moisture content has a positive effect on the TS and
the experiments performed on the second occasion had lower TS values

Figure 7. Coefficient plot (first component) for thickness swelling (TS), a lower
value of TS is preferable.

Figure 8 shows that the same factors are of significant importance for the
ABS as for the TS. This means that it is preferable to use a dispersion, to
have higher moisture content and to employ the particles that had been
aged (second occasion).
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Figure 8. Coefficient plot (first component) for absorption (ABS), a lower
value of ABS is preferable.

A clear difference in the results can be seen for the two occasions, for all
the evaluated board properties. This shows that the aging of the particles
will affect the board properties. Therefore, it is important to keep in
mind  that  it  is  not  always  possible  to  compare  experiments  conducted
with  different  batches  of  particles  or  even  with  the  same  batch  of
particles, due to the fact that the properties of the particles will differ.

There is a possibility that SPI and WG are affected in different ways by
the varying factors during the preparation of the dispersions, therefore,
they were also evaluated separately. Only the experiments from the first
occasion were analysed and the time for drying the particles was added
as  a  factor.  However,  the  binder  system  and  the  time  for  drying  the
particles are bound to each other. Nevertheless, including drying time as
a factor,  results in an improvement of the model,  since it  contributes to
explaining the variations in the response further.

A  good  model  was  obtained  for  the  experiments  with  SPI  and  it  can
describe the influence of the factors on the responses. The summary of fit
plot (PLS) has two components and the cumulative R2Y value is 0.89
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and the Q2 value is 0.78. Figure 9 implies that longer time to prepare the
SPI dispersion has a positive effect on the IB value. However, these
experiments were conducted as screening experiments and do not reveal
the  optimal  time for  preparing  the  dispersions.  On the  other  hand,  the
temperature for preparing the dispersion was not of significant
importance in the investigated temperature range. Furthermore, both
the binder system and the drying time are significant factors;  these two
factors are closely connected since the drying time depends on the used
binder system. It is advantageous to employ the protein as a dispersion.
For the thickness swelling and the absorption no new information was
obtained.

Figure 9. Coefficient plot (second component) for internal bond (IB), in the
cases of SPI. A higher value of IB is desirable.

For the experiments with WG the TS response was removed in order to
improve the model. The summary of fit plot (PLS) for these experiments
has  one  component  and  the  cumulative  R2Y  value  is  0.94  and  the  Q2
value is 0.91.   Figures 10 and 11 reveals that the temperature influences
the IB and ABS values; lower temperature seems to be advantageous for
the evaluated temperature interval. In contrast, the time to prepare the
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dispersions appears to be a trivial factor in the case of WG, in the
investigated interval.

Figure 10. Coefficient plot (first component) for internal bond (IB), in the cases
of WG. A higher value of IB is preferable.
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Figure 11. Coefficient plot (first component) for absorption (ABS), in the cases
of WG. A lower value of ABS is preferable.

4.3 Type of particles and storage of the dispersions

This set of experiment was also evaluated with PLS. The three controlled
factors  were:  Type  of  protein  (SPI  or  WG),  type  of  particles  (dried
particles  or  green  particles),  and  storage  of  the  dispersion  (1,  2.5  or  4
days).  Additionally,  two  factors  that  could  not  be  controlled  entirely,
although determined, were: the density of the boards,  and the moisture
content of the glued particles after drying. The three responses were: IB,
TS and ABS.

In  three  out  of  four  cases  when  green  particles  had  been  used  it  was
impossible to measure the TS and ABS, since the samples fell apart in
water. Therefore, these three samples were removed from the model. To
further improve the model the response ABS was excluded. The
summary of fit plot (PLS) has four components and the cumulative R2Y
value is 0.99 and the Q2 value is 0.94. This model can be used to explore
how the factors affect the board properties.
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The coefficient plots show that the type of particles is not a significant
factor, see Figures 12 and 14. Nevertheless, most experiments using
green particles were excluded due to poor properties; consequently, it is
reasonable  to  assume  that  the  utilization  of  green  particles  is  a
disadvantage compared to using dried particles.

Figure 12. Coefficient plot (first component) for internal bond (IB), a high
value of IB is desirable.

In addition, it is suggested that longer storage time (days) of the protein
dispersions has a negative effect on the internal bond values.
Furthermore, the results indicate that WG dispersions have better
performance as an adhesive compared to SPI dispersions, at least when
the dispersions have been prepared at room temperature during one
hour, as described in section 3.5.3. The results in section 4.2 (see Figure
9)  implied  that  the  time  for  preparing  the  SPI  dispersion  affects  its
abilities as an adhesive, and longer time is beneficial. In other words, the
time for preparing these dispersions favours the WG dispersion.
Surprisingly, Figure 12 shows that higher density has a negative effect on
the internal bond value; normally a higher density results in boards with
higher internal bond values.8 However, a probable explanation might be
provided by the coefficient plot in Figure 13, where a model was fitted in
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which the density was no longer considered as a factor but as a response.
The  coefficient  plot  implies  that  when  SPI  was  employed  it  resulted  in
boards with higher density. It is also clear from Figure 12 that SPI had a
negative impact on the internal bond values of the boards. Therefore, the
connection between these two properties might be the explanation to
why  a  higher  density  seems  to  have  a  negative  impact  on  the  IB.  The
higher densities when SPI was used may be a coincidence or it might be
related to the tack of the glued particles; more tack means less loss of
particles at the edges, which can result in boards with higher density.

Figure 13. Coefficient plot (first component) of the density.

Regarding the thickness swelling of the boards it can be seen in Figure 14
that  longer  storage  time  of  the  dispersions  most  likely  has  a  negative
effect on the dispersions ability as an adhesive for particleboards. Once
again  it  can  be  concluded  that  higher  moisture  content  of  the  dried
particles is favourable for the thickness swelling. Additionally, higher
density seems to result in boards with higher TS, which is logical as
higher density leaves less free space between the particles where the
particles can swell without pressing against other particles and causing
the board to swell.
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Figure 14. Coefficient plot (first and second component) of thickness swelling
(TS), lower values of TS are preferable.
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4.4 Effect of the gluing process - application
methods 1 and 2

The experiments described in section 3.5.4 were also analysed
with PLS. The two controlled factors were: the concentration of
the wheat gluten (WG) dispersions, 12%, 16%, 20% or 24%; and
the application method, application method 1 (appl. 1) or
application method 2 (appl. 2). In the one-step process (appl. 1)
the  particles  are  glued  in  one  step,  whereas  in  the  two-step
process (appl. 2) the particles are glued in two steps with drying
in  between.  Additionally,  three  factors  that  could  not  be
controlled entirely, but determined, were: the density of the
boards, the moisture content of the glued particles before the hot
press, and the thickness of the boards. The three responses were:
internal bond (IB), thickness swelling (TS), and water absorption
(ABS).

It  was  necessary  to  add  the  interaction  between  the
concentration and the application method as a factor, in order to
obtain  a  model  that  is  good  enough  for  studying  the  impact  of
the factors on the board properties. In addition, observation
WG-12_(2) was excluded, because 66.7% of the responses were
missing  a  value.  The  summary  of  fit  plot  (PLS)  has  two
components  and  the  cumulative  R2Y  value  is  0.74  and  the  Q2
value is 0.61. The average variance within the samples for each
response (board property) was determined with the following
equation, σ = ∑ ∑ x − x /h(n− 1). For more details on the
variance see paper II.

The  scatter  plot  in  Figure  15  illustrates  the  occurrence  of  two
groups, representing the application methods. The squares
denote the experiments where application method 1 was
employed and the triangles represent the experiments where
application method 2 was used.
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 Figure 15. The squares in the scatter plot denote the experiments where the
one step process was employed and the triangles represent the experiments
where  the  two  step  process  was  used.  Two  clear  groups  can  be  seen  which
depend on the gluing process.

The coefficient plot in Figure 16 reveals the impact of the different
factors  on  the  internal  bond  value.  The  interaction  between  the
concentration of the dispersion and the application method seems to be
one of the factors influencing the IB value. Furthermore, it appears as if
higher concentration of the dispersion is preferable, when application
method 1  is  employed.  In  contrast,  application  method 2  seems to  be  a
better option when the concentration of the dispersion is lower.
Nevertheless, the application method may influence the IB regardless of
the concentration; it appears as if the two step process (appl. 2) is better.
Additionally, the results also show that a higher density of the boards has
a positive effect on the IB, which is a well-known correlation.8
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Figure 16. Coefficient plot (second component) for internal bond (IB), a high
value of IB is desirable. The two last factors show the effects of the interactions
between the concentration of the dispersion and the application method.

A principal factor improving the thickness swelling of the boards is the
application method; it is an advantage to use the two step process (appl.
2),  see  Figure  17.  Once  again  the  results  show  that  higher  moisture
content  is  beneficial  regarding  the  TS  values.  However,  if  the  moisture
content  is  increased  considerably,  it  will  result  in  delamination  of  the
boards due to steam blisters. Additionally, Figure 17 illustrates that lower
density has a positive effect on thickness swelling, which is both in
accordance with the other results and reasonable.  Lower density means
more free space between the particles where they can swell without
pressing against the other particles. The results show that a thicker board
may have a positive impact on the TS value. There may be a connection
between this factors and the moisture content of the particles. If the
moisture content is higher, more steam needs to be released, which could
result  in  thicker  boards  due  to  some  springback.  Generally  when  UMF
resin is used springback normally results in boards with poorer
mechanical properties.49 However, in this case it seems like the effect of
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the thickness of the board contradicts the general rule. We propose that
this behaviour can be explained by the higher ductility of the protein-
binder  contra  the  highly  cross-linked  UMF  resin.  Increased  water
content can soften the protein allowing for larger deformation before
fracture. However, water will induce stress; why an optimal water level
probably exists.

Figure 17. Coefficient plot (first component) for thickness swelling (TS), a low
value of TS is preferable. The two last factors show the effects of the interactions
between the concentration of the dispersion and the application method.

Similarly, application method 2 is also beneficial for the absorption
property  of  the  particleboards  and so  is  higher  moisture  content  of  the
glued particles (see Figure 18). Figure 18 shows that lower density and a
thicker board results in lower ABS values.  Springback usually results in
boards with lower density, since the particles are pressed out towards the
surface. When the boards are sanded the surfaces with higher density are
removed, leaving the board with a lower total density. The same
reasoning as for the effect of the thickness of the boards on the TS value
can be made in this case also.
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Figure 18. Coefficient plot (first component) for absorption (ABS), a low value
of ABS is preferable. The two last factors show the effects of the interactions
between the concentration of the dispersion and the application method.

The proposed theory is that with application method 2, the first addition
of dispersion seals the particles and, therefore, the penetration of the
dispersion, added in the second step, into the wood particles is  limited.
As a consequence better glue bonds are obtained between the particles.
Especially, for the dispersions with low concentration (low viscosity)
over-penetration  into  the  wood  particles  can  cause  poor  glue  bonds.13

This  is  in  accordance  with  previous  studies  of  wheat  gluten  as  glue  for
solid wood.37-38

The application method for obtaining high IB values is dependent on the
dispersion concentration. This dependence may be related to the
viscosity of the dispersions; lower concentration means lower viscosity.
Over-penetration of the dispersion into the wood particles tends to be a
larger problem for dispersions with low viscosity. However, dispersions
with low viscosities may have an advantage, since they are easier to
distribute on the particles, which might result in boards with improved
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properties. Most likely there is less penetration when application method
2 is used; this makes it possible to use a dispersion with a lower
concentration without extensive over-penetration and at the same time
obtain improved distribution on the particles.

4.4.1 Effect of water

Depending on the employed application method the moisture may be
present in different ways in the glued particles. This should be taken into
account and perhaps it is a part of the explanation to why application
method 2 seems to be beneficial. To elucidate this, control experiments
were  made  with  12%  WG  dispersions.  In  one  of  the  experiments
application method 2 was employed and in the other experiment water
was  added  to  the  particles,  after  they  had  been  glued  and  dried.  The
results are presented in Table 15.

Table 15. The board properties when dispersions with a concentration of 12%
were used. The values are means ± standard deviation.

The  control  experiments  with  the  12%  WG  dispersions  indicate  that
improved  results  are  obtained  if  water  is  added  in  a  second  step
compared to employing application method 1. Nevertheless, the two step
process (appl. 2) induces considerably better performance. Most likely,
the presence of moisture and how it is available is an important factor for
the performance of the protein-based adhesives. The balance between
the negative effects of water (steam blisters) and the positive effect
(softening of protein) is not known at present.

Sample Thickness Dens. IB ABS TS
(mm) (kg/m3) (MPa) (%) (%)

WG-12_2 (3) 15.5 ± 0.1 633 ± 30 0.43 ± 0.09 130 ± 5 55 ± 2
WG-12_W 16.3 ± 0.3 680 ± 32 0.27 ± 0.06 122 ± 9 64 ± 3
WG-12_1 (1)* 15.6 ± 0.5 642 ± 20 0.11 ± 0.02 181 ± 5 96 ± 6
WG-12_1 (2)* 15.3 ± 0.1 714 ± 16 0.05 ± 0.03 - -
WG-12_2 (1)* 16.5 ± 0.1 691 ± 45 0.47 ± 0.14 112 ± 8 57 ± 3
WG-12_2 (2)* 16.7 ± 0.1 630 ± 14 0.35 ± 0.06 121 ± 1 52 ± 3

The firs t number in the sample name points to the concentration (12 %) of the dispersion and then the
application method (appl.1, appl. 2 or addition of water in a second step) is indicated. When several boards
were produced with the same recipe, the numbers within the brackets distinguishes them from each other.
*These boards were produced earlier, described in section 3.5.4. However, it is still interesting to compare
the board properties.
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4.4.2 Evaluation of film formation and penetration pattern of the
dispersions on veneers

To further investigate the proposed theory regarding the penetration
pattern of WG dispersions a model for gluing of veneers was used. This
model was used since it was impossible to evaluate the gluing on wood
particles or particleboards with available microscopic methods i.e. rough
heterogeneous samples present both scattering of results as well as
specimens difficult to assess spectroscopically. For the majority of the
experiments (presented in section 3.5.6.1) pine veneers were used since
the  wood  particles  used  to  produce  particleboards  in  previous
experiments mostly consisted of pine particles.

The samples were stained with Safranine-O in order to see how much of
the WG that was present on the surface of the veneer, and how much had
penetrated into the wood. Safranine-O induces fluorescence of the
protein thus visualizing where the proteins are present. The Safranine-O
however also induces a certain level of “background-fluorescence” giving
an  overall  orange  colour  of  the  image,  Figure  19.  The  wood  tissue
furthermore differs in composition giving a certain variation of
fluorescence  pattern  in  the  image,  Figure  19.  The  “background-
fluorescence”  together  with  the  intrinsic  variation  of  the  wood
composition limit the evaluation inside the wood tissue to some extent.



RESULTS AND DISCUSSION

45

Figure 19. Microscopy images of pine and beach veneer untreated and glued
with  WG  dispersions.  The  green  bar  in  the  upper  right  corner  of  each  image
represents 100µm.
a) Untreated pine veneer, the yellow green bands/zones are material that is
fluorescing.
b) P.WG 12 % appl. 1 (50), the bright yellowish colour shows the thickness of the
layer of protein on the veneer.
c) P.WG 12 % appl. 2 (50), the bright yellowish colour shows the thickness of the
layer of protein on the veneer.
d) P.WG 24 % appl. 1 (50), the bright yellowish colour shows the thickness of the
layer of protein on the veneer.
e)  P.WG 24 % appl.  2  (50),  the bright  yellowish (towards green) colour on the
veneer shows the thickness of the layer of protein on the veneer.
f) P.WG 12 % appl. 2 (120), the bright yellowish colour on the veneer shows the
thickness of the layer of protein on the veneer.
g)  Untreated beech veneer, the yellow green bands/zones are most likely
material that is fluorescing.
h) B.WG 12 % appl. 1 (50), the bright yellowish colour on the veneer shows the
thickness of the layer of protein on the veneer.
i) B.WG 12 % appl. 2 (50), the bright yellowish colour on the veneer shows the
thickness of the layer of protein on the veneer.
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4.4.2.1 Effect of application procedure and concentration of the
dispersion

The experiments presented in section 3.5.6.1 were analysed with optical
microscopy in order to study the penetration and distribution of the WG
dispersion. It is very difficult to observe the penetration of the protein
into the veneer, since other fluorescing materials are present, see Figure
19a. Nevertheless, it is reasonable to presume that if only a thin layer of
WG is present on the surface, the rest has penetrated into the veneer.

Figures 19b and 19c show the difference between the layers of adhesive
(wheat  gluten  dispersion  12%)  on  the  veneer  depending  on  the
application method. The veneer in Figure 1b, where appl. 1 was used, has
a thinner layer of WG on the surface compared to the veneer presented in
Figure  19c  (appl.  2).  Appl.  1  in  combination  with  a  low  dispersion
concentration results in over-penetration, which then results in inferior
mechanical properties due to lack of adhesive available for the bonding.

In Figure 19d WG dispersion with a concentration of 24% and appl.1 is
presented and Figure 19e shows WG dispersion with a concentration of
24% and appl.2. When comparing these figures no large difference in the
layer of WG on the surface of the veneer can be observed. Comparing
Figures  19b  and  19d  (appl.  1)  reveals  that  with  higher  dispersion
concentration a thicker protein film is present on the surface of the
veneer. This demonstrates the importance of the dispersion viscosity on
the ability of the glue to penetrate the porous wood tissue. Furthermore,
in  Figure  19e  it  is  revealed  that  the  dispersion  with  24  %  WG  is  not
distributed evenly. If the adhesive has a very high viscosity it is difficult
to  distribute  it  evenly  on  the  wood  particles  and  as  a  result  the
particleboards may have poorer mechanical properties.

As presented in Table 10, several more experiments were performed,
varying the dispersion concentration (12%, 16%, 20% or 24%) using both
application methods. All the results support the aforementioned
conclusion that less over-penetration is obtained when application
method 2  is  used.  The  overall  trend is  that  the  lower  the  concentration
the larger the differences between the application methods.

The results presented in section 4.4 revealed that higher mechanical
properties are obtained for particleboards using the two step application
method, especially in the case of low concentration dispersions. This was
proposed to be due to less over-penetration especially for the dispersions
with lower concentration (viscosity) and this theory is supported by the
results of the microscopic evaluation of the glued veneers.
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4.4.2.2 Effect of drying temperature on the film formation

Figures 19c and 19f show samples of when a WG dispersion 12% is added
to pine veneer according to appl.2, and dried at a temperature of 50°C or
120°C. Comparing the images reveals that the drying temperature in this
interval does not affect the amount of protein on the surface of the
veneers. As presented in Table 4 several tests were performed with
dispersion containing 12% or 20% WG, using both application methods
and  temperatures  between  RT  and  120°C.  All  tests  support  the
conclusion that drying temperature does not affect the penetration of the
WG adhesive into the veneer. These results imply that the factors
affecting the film formation is mainly viscosity, capillary forces, and
surface tension of the substrate at a very early stage of the gluing process,
and  that  little  can  be  achieved  after  the  initial  film  has  settled.  The
hydrophilic  nature  of  wood  as  a  substrate  allows  for  a  very  rapid
absorption of the dispersion media (water) directly when the adhesive is
applied.  The  driving  force  for  wetting  and  penetration  in  general  is  a
reduction  of  the  systems  surface  tension.  It  can  be  assumed  that  the
surface tension is different when comparing application to an untreated
wood surface compared to the second application when using appl.2.
Measurements of the surface tension were however not possible to
perform on these rough inhomogeneous surfaces.

4.4.2.3 Effect of wood species

The morphology and properties vary significantly depending on the type
of wood. The effect of the application method and the concentration of
dispersion were therefore also evaluated on beech as an alternative wood
species with different structure. Beech is a hardwood species with less
porosity (higher density) and different morphology compared to pine,
Figures 19a and 19g.41

The results show that the use of appl.  2 and a 12% dispersion results in
more adhesive on the beech veneer surface in the same way as for pine
veneers, supporting the conclusion that the influence of application
methods and concentration of dispersion can be observed for both beech
and pine, see Figures 19h and 19i.

4.4.2.4 Evaluation of penetration pattern

Although the results from the microscopy studies revealed details on the
film  structure  on  the  veneer  surface,  less  information  was  found
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regarding  the  adhesive  penetration  into  the  wood  structure.  Micro-CT
studies were therefore performed in order to validate the accuracy of the
microscopy results as well as revealing details on the penetration of the
adhesives into the wood structure. Micro-CT is a non-destructive
technique  that  can  be  employed  for  3D  samples  and  do  not  require
sample preparation. The analysis is based on a variation in density
throughout  the  sample  with  improved  contrast  where  there  are  large
differences.  WG  and  the  wood  tissue  do  not  vary  very  much  in  this
respect why advanced computational processing of the images had to be
performed. More in detail, an adaptive threshold was implemented
together with different filtering techniques to separate the WG film from
the wood tissue. The thickness distribution of the WG film was thereafter
analysed in 3D. The dominating thickness was used instead of the
average  thickness  since  a  large  drop  of  WG  or  WG  running  along  the
surface of the veneer would greatly affect the average thickness.

Two samples were selected due to the time consuming character of this
analytical technique. Samples with large differences both with respect to
final board properties and film thickness were chosen for the micro-CT
analysis.

Figures 20 and 21 present micro-CT images of samples P.WG
12%_appl.2 (50) and P.WG 12%_appl.1 (50), respectively. In both the 3D
representation and the representative cross-section a thicker layer of WG
can  be  seen  on  the  surface  of  P.WG  12%_appl.2  (50)  in  comparison  to
P.WG 12%_appl.1 (50).  In fact,  in Figure 20 (P.WG 12%_appl.2 (50)) a
thin fairly homogeneous layer of WG is present on the surface of the
veneer and no WG seems to have penetrated inside the wood cell
microstructure. Conversely, in Figure 21 (P.WG 12%_appl.1 (50)) hardly
any  WG  is  present  on  the  surface  and  instead  wood  cells  inside  the
veneer microstructure filled with WG are visible. This is also in line with
the dominating thickness results, P.WG 12%_appl.2 (50) was found to
have  a  layer  of  WG  three  times  as  thick  as  P.WG  12%_appl.1  (50)
(dominating  thickness  13  μm and 4  μm, respectively),  indicating  that  a
thicker  layer  of  WG  is  obtained  on  the  surface  using  the  second
application method.
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Figure 20. MicroCT images of P.WG 12%_appl.2 (50). A 3D representation (A)
and a representative cross-section (B) of the wood microstructure. The white
arrows indicate adhesive on the surface.

Figure 21. MicroCT images of P.WG 12%_appl.1 (50). A 3D representation (A)
and a representative cross-section (B) of the wood microstructure. The white
arrows indicate penetration of the adhesive. The red arrows indicate wood cells
on the surface not covered with adhesive.

4.5 Effect of dispersion pH and cross-linker structure

The  effect  of  the  dispersing  agent  was  evaluated  for  citric  acid  and
sodium hydroxide respectively, in order to study how the protein
interacts at different pH-levels. The reactivity of proteins is known to be
affected  by  changes  in  pH.31-34,57 This  can  be  due  to  both  different
reaction pathways as well as accessibility of cross-linking sites limited by
physical  constraints.  The  pH  will  for  example  determine  if  an  acid  is
protonated or in the form of a carboxylate ion.  This is  also valid for an
amine,  being  either  an  amine  or  in  the  form  of  an  ammonium  moiety.
However,  this  study  does  not  reveal  details  on  this  matter,  but  should
rather be considered as a study on the overall effect of pH variations.
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Possible reactions for WG with PAAE and AATMP are shown in Schemes
1 and 2.58-59

Scheme 1. Possible reaction pathways between WG and PAAE.

Scheme 2.  Possible reaction pathways between WG and AATMP.

The experiments described in Section 3.5.5 were analysed with partial
least square regression (PLS). The three controlled factors were: the
dispersing agent, sodium hydroxide or citric acid; the cross-linker,
PAAE,  AATMP  or  no  cross-linker;  amount  of  cross-linker,  0,  10,  15  or
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20%. Additionally, one factor that could not be controlled entirely, but
determined, was: the density of the boards. The three responses were:
internal bond (IB), thickness swelling (TS), and water absorption (ABS).
The evaluation was performed separately for each response.
Experiments “WG_CA_AATMP_10” and “WG_CA_AATMP_20”
resulted in delaminated boards, therefore the board properties could not
be determined. Nevertheless, these experiments provide important
information about the performance of the adhesives, and the following
values were therefore appointed to their responses: IB =0 MPa,
TS=150% and ABS=250 %. These values were presumed based on results
from previous experiments that were close to delamination.

The  summary  of  fit  plot  reveals  that  a  sufficiently  sound  model  is
obtained for the internal bond (IB) response, based on the observations.
The average variance within the samples for each response (board
property) was determined with the following equation:	σ = ∑ ∑ x −
x /h(n − 1). σ  represents the variance, h is the number of samples,
and each sample has n sub-samples (members). The cumulative R2Y
value  for  the  IB  response  is  0.97,  Q2  is  0.94  and  the  variance
corresponds to 15% of the IB value, based on the mean IB values. A more
extensive description regarding the summary of fit plot and the variance
is presented in Paper I and II.

The coefficient plot (Figure 22) for the internal bond reveals that it is an
advantage to disperse WG in sodium hydroxide (0.1M) instead of citric
acid (0.05M). Furthermore, it appears as it is beneficial to employ PAAE
as a cross-linker, while it is a disadvantage to use AATMP for cross-
linking. Boards with higher density seem also to have a higher IB value,
being a well-known correlation.8,60 The amount of cross-linker appears
not  to  influence  the  internal  bond value.  Perhaps,  the  amount  of  cross-
linker had been revealed to have significant influence on the IB if more
tests had been conducted with cross-linkers and with addition of lower
amounts.
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Figure 22. Coefficients  for  internal  bond,  a  high  value  of  IB  is
preferable.

The  model  for  thickness  swelling  (TS)  has  one  component  and  the
cumulative  R2Y  value  is  0.70  and  the  Q2  value  is  0.53.  The  variance
corresponds to 7 % of the TS value, based on the mean TS values.

The coefficient plot in Figure 23 shows that it  is  an advantage to utilize
sodium hydroxide as a dispersing agent compared to citric acid.
Furthermore,  it  indicates  that  it  is  beneficial  to  employ  PAAE as  cross-
linker compared to AATMP or no cross-linker at all.

The  results  for  the  water  absorption  of  the  boards  (ABS)  are  in
accordance with the results for TS. The coefficient plot and more data are
available in paper III.
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Figure 23. Coefficients for thickness swelling, a low value of  TS is preferable.

To summarize, this part of the study show with significant data that the
best systems are obtained under alkaline conditions using PAAE as a
cross-linker.

4.5.1 Varied cross-linker content

The results in the previous section revealed that the board properties are
enhanced when PAAE is used as a cross-linker; however, it appeared as if
the amount of PAAE (10-20%) did not influence the results, which could
be  due  to  that  the  interval  was  too  small  to  observe  significant
differences.  Therefore, some additional experiments with lower amount
of PAAE were performed. The experiments presented in section 3.5.5.1
“Experimental- Varied cross-linker content” were evaluated to define the
impact of the amount of PAAE as a cross-linker.

In  this  set  of  experiments  only  one  factor  was  varied,  the  amount  of
PAAE. Levels of 0, 2.5, 5, 7.5, 10, 15 and 20% PAAE were evaluated. The
three responses were: internal bond (IB), thickness swelling (TS), and
water absorption (ABS). Figure 24 shows the influence of the amount of
PAAE on the internal bond value.
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Figure 24.   Influence of  the amount of  PAAE as cross-linker on the IB value,
higher values are desirable.

The  tendency  shown  in  Figure  24  is  that  adding  a  higher  amount  of
PAAE under  basic  conditions,  results  in  slightly  improved IB  values,  in
the tested interval. This result, i.e. stronger bonds, indicates that WG and
PAAE cross-link.

Figure 25 reveals that a higher amount of PAAE is most likely favourable
for  obtaining  a  lower  thickness  swell.  This  is  proposed  to  be  due  to  the
same reasons as for the IB values discussed above.
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Figure 25. Influence of the amount of PAAE as cross-linker on the TS value,
lower values are preferable.

In  the  case  of  ABS,  the  results  are  in  principal  the  same  as  for  the  TS
response. The results are presented in paper III.

Table 16. Board  properties;  presented  as  the  mean  values  ±  standard
deviation.
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Sample Dens. IB ABS TS
(kg/m3) (MPa) (%) (%)

WG_NaOH (1) 592 ± 21 0.43 ± 0.05 124 ± 3 40 ± 1
WG_NaOH (2) 601 ± 24 0.44 ± 0.04 122 ± 5 42 ± 3
WG_NaOH_PAAE_2.5 633 ± 20 0.43 ± 0.06 122 ± 4 43 ± 2
WG_NaOH_PAAE_5 (1) 600 ± 22 0.37 ± 0.06 130 ± 4 46 ± 2
WG_NaOH_PAAE_5 (2) 554 ± 22 0.37 ± 0.04 119 ± 3 33 ± 2
WG_NaOH_PAAE_5 (3) 582 ± 38 0.39 ± 0.05 124 ± 5 45 ± 4
WG_NaOH_PAAE_7.5 622 ± 34 0.46 ± 0.07 120 ± 5 44 ± 3
WG_NaOH_PAAE_10 (1) 589 ± 16 0.45 ± 0.04 119 ± 3 36 ± 2
WG_NaOH_PAAE_10 (2) 593 ± 15 0.58 ± 0.04 109 ± 2 30 ± 1
WG_NaOH_PAAE_15 (1) 639 ± 28 0.61 ± 0.07 110 ± 6 35 ± 1
WG_NaOH_PAAE_15 (2) 617 ± 45 0.5 ± 0.1 110 ± 9 34 ± 2
WG_NaOH_PAAE_15 (3) 548 ± 15 0.49 ± 0.06 115 ± 5 26 ± 3
WG_NaOH_PAAE_20 573 ±  15 0.51 ± 0.05 110 ± 5 28 ± 1
The sample names are based on the type of dispersion, dispersing agent, used cross-linker and the amount of
cross-linker. When several boards were made with the same recipe, the numbers within the brackets distinguishes
them from each other.
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To fulfil the demand for P2 quality boards (standard EN 312) the IB has
to be at least 0.35 MPa, which is a normal requirement for boards used
for  furniture.  As  shown  in  Table  16,  all  of  these  boards  can  fulfil  the
requirements for P2 quality boards, with respect to IB values.  Another
quality  specification  that  is  of  interest  to  fulfil  is  P4  which  is  for  load-
bearing boards for use in dry conditions. The requirements for P4 boards
regarding IB and TS are, IB > 0.35 MPa and TS <15%, respectively. All of
the  boards  fulfil  the  demand  regarding  IB,  but  not  for  the  TS.
Nevertheless, in order to fulfil the P4 quality demand with traditional UF
or UMF resins it may be necessary to use a wax emulsion in combination
with the resin and the hardener, to decrease the thickness swelling of the
boards.  In  other  words  employing  a  wax  emulsion  in  combination  with
wheat  gluten  based  adhesives,  may  improve  the  TS  values  enough  to
fulfil the demand for P4.

4.5.2 Effect of PAAE as cross-linker and citric acid as dispersing
agent on film formation

The result  of  the study of the effect of PAAE as a cross-linker and citric
acid as a dispersing agent showed that stronger boards were obtained
when PAAE in combination with WG dispersion (sodium hydroxide) was
used. Additionally, when citric acid was utilized as the dispersing agent it
resulted  in  poor  board  properties.  However,  neither  the  good  nor  the
poor results were believed to be an effect of the penetration pattern of
the dispersion in the wood particles,  but rather due to the cross-linking
and the dispersing effect of CA. The results from the microscopic analysis
of the samples described in Table 3 show that the layers of protein on the
surface  of  the  veneers  do  not  vary  significantly,  se  Figure  26.   This
indicates the same extent of penetration of the adhesive into the veneer
in all samples. In other words, the utilization of PAAE or citric acid does
not seem to affect the initial film formation.
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Figure 26. Microscopy images of pine veneer glued with WG dispersion. The
green bar in the upper right corner of each image represents 100µm.
a) P.WG 16 % appl. 2 (50), the bright yellowish colour on the veneer shows the
thickness of the layer of protein on the veneer.
b)  P.WG  16  %  appl.  2  (50)_PAAE,  the  bright  yellowish  colour  on  the  veneer
shows the thickness of the layer of protein on the veneer.
c) P.WG_CA  16 % appl. 2 (50), the bright yellowish colour on the veneer shows
the thickness of the layer of protein on the veneer.
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5. CONCLUSIONS

The major conclusion from this study is that wheat gluten (WG) can be
used as binder for particleboard to make fully bio-based boards.
However, to exploit the proteins most promising properties for this
application, it has to be processed in a suitable way. The results from this
study  reveal  that  it  is  definitely  an  advantage  to  disperse  the  proteins
compared to employing them as dry protein powder.

The  dispersing  agent  is  an  important  parameter  when  formulating  the
WG  dispersions   and  it  influences  the  ability  of  WG  to  function  as  a
binder. The results show that it is preferable to use sodium hydroxide
(0.1  M)  compared  to  citric  acid  (0.05  M).  Additionally,  it  is  possible  to
enhance the binder properties by employing the right cross-linker, such
as PAAE.

Based on the results of the experiments conducted with WG dispersion it
seems like it is preferable to use the two step process (appl. 2) to glue the
particles, compared to the one step process (appl. 1). When studying the
internal bond property it appears as if the interaction between dispersion
concentration  and  the  application  method  is  a  significant  factor.  When
dispersions  with  lower  concentration  are  employed  it  seems  to  be
beneficial to glue the particles according to application method 2. On the
other hand application method 1 may be preferable when the dispersion
has a higher concentration.

This can be explained by the wetting, the flow and the penetration of the
dispersion on the wood particles. The microscopy study support the
hypothesis that when the viscosity of the dispersion is low using the one
step process will lead to over-penetration resulting in  poor bonding. On
the other hand if the viscosity is high the difference between the two
processes  are  minor,  since  the  high  viscosity  will  prevent  over-
penetration. On the other hand the high viscosity will affect the
distribution  of  the  dispersion  on  the  wood  in  a  negative  way.  It  is
important to find a balance between the wetting, flow and penetration of
the dispersion on the wood particles to obtain the best results.
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6. FUTURE WORK

The  present  study  reveals  that  the  gluing  process  of  the  particles  is  of
significant  importance  for  the  performance  of  wheat  gluten  (WG)
dispersion as an adhesive for particleboards. Furthermore, it seems like
employing  the  two step  process  is  an  advantage  compared  to  using  the
one  step  process.  This  is  related  to  the  penetration  and  flow  of  the
dispersion on the wood particles, therefore it is of interest to study this in
more detail to be able to tailor-make the dispersion and the process
conditions  to  obtain  the  best  possible  results.  With  this  in  mind it  is  of
interest to further study the gluing of green wood particles, since this
would provide a significant energy saving in the particleboard plants.

The  utilization  of  cross-linker  had  a  positive  effect  on  improving  the
performance of wheat gluten dispersion as an adhesive. Additional cross-
linker can be investigated and it would be beneficial to explore renewable
sources for cross-linking.



ACKNOWLEDGEMENTS

60

7. ACKNOWLEDGEMENTS

I would like to thank my supervisor Professor Mats Johansson for his
guidance  and  for  always  being  optimistic  and  encouraging.   Farideh
Khabbaz is acknowledged for valuable discussions and her support. I
would  also  like  to  thank  Professor  Eva  Malmström  for  making  time  in
her  busy  schedule  to  support  this  work.  Petra  Nordqvist  is  thanked for
her input, for her support with the microscopy experiments and for being
a companion on this journey.

The Ecobuild Institute Excellence Center and Casco Adhesives are
acknowledged for their financial support.

I  would  like  to  thank Elin  Svensson and Bo  Johnsson for  their  support
with  the  evaluation  of  the  results  in  SIMCA.  The  Boardlab  at  Casco
Adhesives is thanked for their help and support with the experimental
work.

Carline Öhman, Ingela Bjurhager and Kristofer Gamstedt at Uppsala
University are acknowledged for their support and input to perform the
micro-CT analysis.

All colleagues and friends at “ytgruppen” are gratefully acknowledged,
for  the  times  we  spent  taking  courses  and  the  fun  we  had  during  the
conferences.

I  would  also  like  to  thank  all  of  my  colleagues  at  Casco  Adhesives  for
making  it  a  great  place  to  work  at.  Specially,  I  would  like  to  thank  the
technical service group for being positive and flexible which has made it
possible for me to divide my time in a good way between my “two jobs”.

Finally, I would like to thank my family and friends for their support and
encouragement, and for being so understanding about my travelling
schedule.



REFERENCES

61

8. REFERENCES

1. Sun,. X., in Bio-Based Polymers and Composites. Elsevier Inc., p
292.

2. Hamarneh, A.I., Heeres, H.J., Broekhuis, A.A., Sjollema, K.A.,
Zhang, Y., Picchioni, F., International Journal of Adhesion and
Adhesives, 30, 2010, p 626.

3. Hamarneh, A.I., Heeres, H.J., Broekhuis, A.A., Picchioni, F.,
International Journal of Adhesion and Adhesives, 30, 2010,  p
615.

4. Villa, P., Pollarolo, L.,Degano, I.,Birolo, L., Pasero, M., Biagioni,
C., Douka, K., Vinciguerra, R., Lucejko, J.J., and Wadley L.,
PLOS One, 6, 2015, 10.

5. Brief, A., in Handbook of Adhesives; Skeist, I., (Ed); Van
Nostrand Reinhold, New York, 1990, p 21.

6. Lambuth, A.L., In Handbook of Adhesive Technology; Pizzi, A.,
Mittal K. L. (Ed.) Marcel Dekker, 1994, p 259-281.

7. Bye, C.N., in Handbook of Adhesives; Skeist, I., (Ed); Van
Nostrand Reinhold, New York, 1990, p 135-152.

8. Kelly, M.W., Critical literature review of relationships between
processing parameters and physical properties of
particleboard. General technical report FPL-10, 1977.

9. Maloney T.M., Modern Particleboard & Dry-Process
Fiberboard Manufacturing. Miller Freeman Inc., 1997.

10. Berglund, L., and Rowell, R.M., In Handbook of Wood
Chemistry and Wood Composites Rowell, R.M. (Ed.). CRC Press,
2005, p 294.

11. http://www.sis.se/, 2015-08-02
12. http://www.arb.ca.gov/regact/2007/compwood07/fro-final.pdf,

2009-02-20.
13. Frihart, C.R.,. In Handbook of Wood Chemistry and Wood

Composites, Rowell, R.M. (Ed.). CRC Press, 2005,  p 215-278.
14. Petrie, E.M., in Handbook of Adhesives and Sealants; The

McGraw-Hill Companies, Inc., 2000, p 49-91.
15. Schultz, J., and Nardin, M., in Handbook of Adhesives

Technology,  second  Edition,  Revised  and  expande;  Pizzi,  A.,
Mittal, K.L., Eds.; Marcel Dekker, Inc., 2003, p 53-67.

16. Mohammad  Amin  Sarshar,  Wei  Xu,  and  Chang-Hwan  Choi,  in
Advances in Contact Angle, Wettability and Adhesion; Mittal,
K.L. (ed.), Scrivener Publishing LLC, 2013, p 3-18.

17. Stevens, M.P., Polymer Chemistry an Introduction. Oxford
University Press, Inc. 1999 p 476-510.



REFERENCES

62

18. Creighton, T.E., in Proteins: Structure and Molecular
Properties, 2nd edition; Freeman W.H. and Company, New York,
1993, p 1-48.

19. Albertsson, A-C., Edlund, U., Hakkarainen, M., Karlsson, S., and
Malmström, E., in Introduktion till polymerteknologi;
Albertsson  ,A-C,  Ed.;  Institutionen  för  Fiber-  och
polymerteknologi, Stockholm, 2005, p 87-100.

20. Schultz, G.E., Schimmer, R.H., Principles of Protein Structure.
Springer-Verlag New York  Inc., 1979, p 66-106.

21. Zhang, L.,  and Zeng, M., in Monomers, Polymers and
Composites from Renewable Resources;  1st edition, M.N.
Belgacem, A. Gandini, Eds. Elsevier Inc. 2008, p 479.

22. Guilbert, S., Gontard, N., Morel, M.H., Chalier, P., Micard, V.,
and Redl,  A.,  in Protein-Based Films and Coatings; Gennadios,
A. (Ed.), CRC Press LLC, 2002., p 69-122.

23. Shewry, P., Halford, N., Belton, P., and Tatham, A.,. In
Elastomeric Proteins; Shewry, P., N., Tatham, A., and Bailey A.,
(Ed.), Press Syndicate of the University of Cambridge, 2003,  p
292-368.

24. Morel, M.-H., Bonicel, J., Micard V., and Guilbert, S., J. Agric.
Food Chem., 48, 2000, p 186.

25. Singh, H., MacRitchie, F., Journal of Cereal Science, 33, 2001 p
231-243.

26. Gennadios, A., Brandenburg, A.H., Weller, C.L., and Testin, R.F.,
Journal of Agricultural and Food Chemistry, 41, 1993 p 1835.

27. Day, L., Augustin, M.A., Batey, I.L., and Wrigley, C.W., Trends in
Food Science &Technology, 17, 2006, p 82

28. Wieser, H., Food Microbiology, 24, 2007, p 115.
29. Lindsay, M.P., and Skerritt, J.H., Trends in Food Science

&Technology, 10, 1999, p 247
30. Grosch, W., and Wieser, H., Journal of Cereal Science, 29,

1999, p 1.
31. Pommet, M., Redl, A., Guillbert, S., Morel, M-H., Journal of

Cereal Science, 42, 2005,  p 81.
32. Morel, M., Redl, A., and Guilbert, S., Biomacromolecules, 3,

2002, p 488.
33. Lagrain, B., Rombouts, I., Brijs, K., and Delcour, J.A., Journal

of Agricultural and Food Chemistry, 59, 2011,  p 2034.
34. Singh, H., MacRitchie, F., Journal of Cereal Science, 39, 2004,

p 279.
35. Gällstedt, M., Mattozzi, A., Johansson, E., and Hedenqvist, M.S.

Biomacromolecules, 5, 2004 , p 2020.
36. El-Wakil, N.A., Abou-Zeid, R.E.,  Fahmy, Y., and Mohamed, A.Y.,

Journal of Applied Polymer Science, 106, 2007, p 3592.



REFERENCES

63

37. Nordqvist, P., Khabbaz, F., and Malmström E., International
Journal of Adhesion and Adhesives,, 30, 2010, p 72-79.

38. Nordqvist, P., Thedjil, D., Khosravi, S., Lawther, M., Malmström
E., and Khabbaz, F., Journal of Applied Polymer Science, 123,
2012, p 1530.

39. Blomfeldt, T.O.J., Olsson, R.T., Menon, M., Plackett, D.,
Johansson, E., and Hedenqvist, M.S., Macromolecular
Materials and Engineering, 295, 2010, p 796.

40. Blomfeldt, T.O.J., Kuktaite, R., Johansson, E., and Hedenqvist,
M.S., Biomacromolecules,12, 2011, p 1707.

41. D'Amico, S., Hrabalova, M., Müller, U., Berghofer, E., Industrial
Crops and Products, 31, 2010, p 255.

42. Lei, H., Pizzi, A., Navarrete, P., Rigolet, S., Redl, A., Wagner, A.,
Journal of Adhesion Science and  Technoolgy, 24, 2010, p 1583.

43. Auvergne R, Morel M-H, Menut P. Biomacromolecules,9, 2008,
p 664.

44. Guillbert, A. Redl, M.-H. Morel, WO200259212.

45. Guillard, V., Issoupov, V., Redl, A., Gontard, N., Innovative Food
Science and  Emerginging  Technologies, 10, 2009, p 108.

46. Guillaume, C., Schwab, I., Gastaldi, E., Gontard, N., Innovative
Food Science and  Emerginging  Technologies, 11,  2010. P 690.

47. Gällstedt, M., Brottman, A., Hedenqvist, M., Package
Technology and Science, 18, 2005, p 161.

48. Park, S.K., Hettiarachchy, N.S., Ju, Z.Y., and Gennadios, A., in
Protein-Based Films and Coatings, Gennadios, A. (Ed.), CRC
Press LLC. 2002, p 123-137.

49. Kumar, R., Choudhary, V., Mishra, S., Varma, I.K., and
Mattiason, B., Industrial Crops and Products, 16, 2002, p 155.

50. Hettiarachchy, N.S., Kalapathy, U., Myers, D.J., Journal of
American Oil  chemist Society, 72, 1995, p 1461.

51. Leiva, P., Ciannamea, R.A., Ruseckaite, A., Stefani, P.M., Journal
of Applied Polymer Science. 106, 2007, p 1301.

52. Mo, X., Hu, J., Sun, S., Ratto J.A., Industrial Crops and
Products, 14, 2001, p 1.

53. Wang, D., Sun, X.S., Industrial Crops and Products, 15, 2002, p
43.

54. Yang, I., Kuo, M., Myers, D.J., Pu, A., Journal of  Wood Science,
52, 2006, p 503.

55. Zhong, Z.K., Sun, S., Wang, D., Ratto J.A.,Journal of Polymer
and the environment, 11, 2003, p 137.

56. Wiedenhoeft, A.C., and Miller R.B.,. in Handbook of Wood
Chemistry and Wood Composites, R.M  Rowell  Ed.  CRC  Press,
Florida 2005, p 9-34.



REFERENCES

64

57. Liao, L.,  Liu, T-X., Zhao, M-M., Cui, C., Yuan, B-E., Tang, S.,
and Yang, F., Food Chememistry, 123,2010 , p 123.

58. Roberts, J-C., in Paper chemistry, J-C. Roberts, Eds., Chapman
and Hall, 1991,  p. 82.

59. Gonzáles, I., Arzamendi, G., Asua, J-M., and Leiza, J-R.,
Macromolecular Materials and Engineering, 291, 2006, p 1185.

60. Wang, S., and Winistorfer, P., Forest Product J., 52, 2002, p 77.


