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ABSTRACT: As a supplier to the furniture industry, the particleboard industry is searching for opportunities to reduce 
costs, weight and formaldehyde emissions. One possibility is to use monocotyledons like straw, hemp and grass, as these 
materials are a fibrous natural raw material of very low density. Problems when using monocotyledons in combination with 
wood are that the surface properties are different from those of wood. When adhesives like melamine urea formaldehyde 
(MUF), which are well established in the particleboard industry, are used, there are problems related to reactivity leading to 
low bonding values. This means either that the surface of the particles has to be modified in some way or that different 
adhesives have to be used. The purpose of this paper is to present ways of treatment and modifying particles from 
monocotyledons and adhesives that can be used to increase the use of monocotyledons. 
 
KEYWORDS: Straw, organic solvents, alkaline, enzymes, surfactant, coupling agent 
 
 
1 INTRODUCTION 123 
The consumption of wood especially for energy purposes 
in Europe may increase [1-3], and this leads to greater 
competition between industries using wood as raw 
material. Within the wood-based panels industry, 
monocotyledons might open the way for particleboards to 
decrease their competition for wood raw material [4]. As 
monocotyledons like straw generally have a higher ash 
content and a lower ash melting point than wood, they are 
not the preferential raw material for combustion [5-7]. For 
pulp and paper, they are not in demand in Europe even 
though fibres of some monocotyledons might be suitable 
for that purpose [8, 9]. The challenge of including 
monocotyledons as a substitute raw material in a 
conventional particleboard production process is to include 
a pre-treatment process to reduce the waxy nature of the 
surface of these plants. The chemical composition (Table 
1), on the other hand, seems to support substitution 
between the monocotyledons. 
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Table 1: Chemical composition of lignocellulosic raw 
materials as a percentage of the mass. C: celluloses; L: 
lignin; HC: hemicelluloses; A: ash; R: references. 

Species C L HC A R 

Wheat straw 
(Triticum 
aestivum) 

41 8 31 6.3 [10] 

Miscanthus 
(Miscanthus 
x giganteus) 

49 11 30 2.6 [11] 

Reed Canary 
grass 
(Phalaris 
arundinacea 

30-43 8-11 25-30 1.3 -6 
[10, 
12, 
13] 

Cup plant 
(Silphium 
perfoliatum) 

36 12 18 9 [14] 

Softwoods 40-45 25-35 25-30 .2-.4 
[15] 
[16] 

Hardwoods 40-50 20-25 25-35 .2-.8 [15, 
16] 

 
Particles of monocotyledons can have very different 
surfaces. The raw material changes not only according to 
the part of the plant – leaf, leaf sheath, stem – [9, 17] but 



also within a single part – external to internal surface area 
– [18], since plants have special external layers consisting 
of cuticles and epicuticular waxes [19, 20]. The structure 
of the external layer (Figure 1) includes a layer of 
epidermis cells followed by a layer of pectin on which 
there is a thick cutinised layer with embedded waxes and 
finally facing to the environment there is an epicuticular 
wax layer [18, 21, 22]. 
 

 
Figure 1: Cross section of barley leaf [18] showing the 
cutinised layer with the embedded waxes on the layer of 
epidermal cells covered by the epicuticular wax layer. 

The wax layer itself can be divided into a thin film, which 
is usually only a few nanometres thick, as the final layer of 
the cuticle and a superimposed wax structure with a 
thickness up to 10 micrometres which can be grouped into 
crusts, smooth layers and fissured layers [23]. Waxes are 
long-chain esters, but epicuticular waxes contain a variety 
of various chemical components [22, 23], Table 2. 

Table 2: Main chemical components of epicuticular waxes 
[23] 

Aliphatic compounds (most common but rarely 
dominant) 

Hydrocarbons  CH3-(CH2)n-CH3 C19-C37 
Wax esters CH3-(CH2)n-CO-O-

(CH2)m-CH3 
C30-C60 

Primary alcohols CH3-(CH2)n-CH2-OH C12-C36 
Fatty acids CH3-(CH2)n-COOH C12-C36 
Aldehydes CH3-(CH2)n-CHO C14-C34 

Aliphatic compounds (less common but mostly 
dominant in wax composition) 

Ketones CH3-(CH2)n-CO-
(CH2)m-CH3 

C12-C36 

β-diketones CH3-(CH2)n-CO-CH2-
CO-(CH2)m-CH3 

C12-C36 

Secondary 
alcohols 

CH3-(CH2)n-CHOH-
(CH2)m-CH3 

C12-C36 

Cyclic compounds 
e.g. 

Triterpenoides 
β-Anyrin  

e.g. Flovonoides Quercetin  
 
Experiments on barley straw have shown a high chemical 
and morphological heterogeneity as well as a roughness on 
the straw surface which affects the water contact angle. 

The main chemical components of the wax layer of barley 
straw were β-diketones, alkanes and esters [18]. In general, 
the compounds in the waxy layer depend on whether they 
are epicuticular or intracuticular [22]. 

2 OBJECTIVES 
This study is based on the literature and its purpose is to 
present different ways of treating particles from 
monocotyledons or modifying the adhesives, so that 
monocotyledons can be used as a substitute raw material 
particularly as core layer in particleboards. 

3 MATERIALS AND METHODS 
The review includes the treatment of monocotyledons 
identified to act as substitute raw material in particleboard 
production. The treatments presented should lead to more 
uniform surfaces among the monocotyledon particles and 
between the monocotyledon and the wood particles and 
support the wetting by the adhesives by increasing the 
roughness and exposing more OH-groups (hydroxyl 
groups) on the external surface of the raw material. The 
monocotyledon surface should be similar to that of wood 
as a complex composite consisting mainly of cellulose, 
hemicellulose and lignin. Wood has a rough and porous 
surface depending on the wood species, type of wood and 
previous history such as machinery, expose to light, water, 
etc.,  which affects the contact angle [24]. A more uniform 
surface can be achieved by chemical and physical 
treatment of the waxy layer and by adjusting the size and 
form of the particles.  If the surface of the particles is not 
changed, additives such as surfactants or coupling agents 
can increase the wettability. In all cases it is important that 
the loss of mechanical properties of the raw material is as 
small as possible.  

4 REVIEW 

4.1 ORGANIC SOLVENTS 

Hexane (C6H14) and carbon tetrachloride (CCl4) were used 
for the surface modification of carnauba straw. The 
treatment was carried out at 60°C (CCl4) and 65°C (C6H14) 
for 5 to 120 minutes. The mass to volume (m/v) ratio was 
1 gram of straw to 10 millilitre of solvent. In the 
spectroscopic analysis, the OH-stretching band become 
more intense for all the treated samples, especially the 
sample treated with CCl4. The reduction in the wax layer 
was confirmed by FTIR (fourier transform infrared)-
spectra of the residues. SEM (scanning electron 
microscopy) also showed that the surface was rougher than 
that of untreated straw because of exposed fibrils, but 
although the treatment efficiently removed the wax layer it 
also led to a decrease in the modulus and tensile strength 
of the straw [25]. In another study, wheat and reed straw 
were milled in a hammer mill, oven-tried and then 
immersed in ethanol-benzene (EB) at 50°C for 24 hours. 



The EB solution consisted of one volume of 95% ethanol 
and 2 volumes of benzene. For board produced from wheat 
straw, EB improved the thickness swelling (TS) and 
internal bond strength (IB) significantly, but the effect was 
smaller in boards produced from reed straw [26]. After 
wheat leaves had been treated with different concentrations 
of polar organic solvents (acetone, acetonitrile, ethanol, 
isopropanol, methanol) and chloroform, SEM images 
showed that only pure acetone leads to a dissolution of the 
wax crystals of the external layer. All epicuticular wax was 
removed by chloroform (CHCl3) [21]. Solvents of 
intermediate polarity seem to be the most effective for the 
extraction of epicuticular waxes. In addition to chloroform, 
the literature suggests methylene chloride and petroleum 
ether, for example [27]. 

4.2 ALKALINE TREATMENT 

According to the literature, treatment with sodium 
hydroxide (NaOH) was far less effective than treatment 
with CCl4. A 0.1Mol NaOH solution was used to treat 
carnauba straw at 40°C for 30 minutes, but the alkaline 
treatment seems to destroy the crystalline structure of 
celluloses and to reduce the mechanical properties [25]. In 
another study, rice straw was treated with four different 
alkalis, NaOH, sodium amide (NaNH2), calcium hydride 
(CaH2) and potassium hydroxide (KOH), of different 
concentrations for various times. The results show that 
treatment with alkali lowers the surface contact angle the 
most. When rice straw was treated with 1.6% NaOH, 
smooth wax components consisting mainly of fatty 
alcohols and fatty acid esters which are soluble in alkali 
were removed. This effect was shown to depend on the 
time and the concentration of NaOH. The optimum values 
are 0.15% and 0.6% for the concentration of NaOH, 1:3.5 
for the solvent ratio, and 12 hours for the reaction time [28, 
29]. Also wheat straw was treated with alkaline with 0.6% 
NaOH and 0.3% H2O2 with a ratio of 1:3.5 (solid/liquid) 
each. It was shown that NaOH could partially remove the 
wax which covered the surface of straw as well as silica 
(SiO2), but that the effect of hydrogen peroxide (H2O2) was 
less obvious [30]. In another study, wheat straw was 
treated with 0.6% NaOH for 8 hours and contact angles 
were measured with urea formaldehyde (UF), phenol 
formaldehyde (PF) and diphenylmethane diisocyanate 
(pMDI). There was little change on the internal surface 
which consists mainly of parenchyma cells, but the waxy 
layer of the external surface appeared to be chemically 
etched. The contact angles decreased for all three 
adhesives from untreated to treated wheat straw, the 
smallest contact angle being achieved with pMDI followed 
by PF and UF [31]. With rumen-digested wheat and barley 
straw, it was shown that an alkaline treatment affected the 
weak acetyl groups on the internal surface as a result of 
hydrolysis. The dosage was 10g NaOH per 100g straw. On 
the external layer silica was also dissolved, but half the 
silica remained on the straw. The esters on the external 
layer were also affected, they mostly resisted hydrolysis 

under those conditions and the lignin was modified instead 
[32].  

4.3 ENZYME TREATMENT 

Enzymes which have been tested for the surface treatment 
of monocotyledons are lipase, xylanase and cellualse [30, 
33-36]. The enzyme activity is expressed as international 
units (IU) [37]. The enzymes were dissolved in citric acid-
disodium hydrogen phosphate buffer solution with pH 
values of 5.0 (99 IU/g) for cellulase, 5.0 (237 IU/g) for 
xylanase, and 7.5 (174 IU/g) for lipase and used to modify 
wheat straw. Cellulase and xylanase could not destroy the 
wax layer because of their specificity – they only 
destroyed the knot cells but lipase treatment not only 
weakened the waxy layer but removed also the silica 
(SiO2). Treatment with NaOH showed results comparable 
to those with lipase but the time for enzymatic treatment is 
about one week, which means that NaOH would be more 
practical in manufacture [30]. In another study wheat straw 
was treated with lipases from Candida cylindracea and it 
was shown that the wettability of the external surface was 
increased by removing hydrophobic extractives and silica, 
while the interior surface was insignificantly affected. The 
enzyme dosage, given as specific enzyme activity unit per 
g substrate (U/g), was 8kU/g and the pH of the sodium 
phosphate buffer was 7.5. The time was 10 hours at 45°C. 
Lipases hydrolysed and loosened the waxy layer of the 
external surface, so that lignin and polysaccharides were 
exposed and the concentration of -OH groups increased 
[34]. After this treatment the water contact angle on the 
external layer of wheat straw was comparable to that on 
the internal layer which was not affected by the treatment 
[34]. The use of enzymes requires proper environmental 
conditions, but enzymes usually can be modified and 
stabilized if deployed in either an aqueous or a non-
aqueous environment [38].  

4.4 STEAM TREATMENT 

Triticale straw was treated with steam in one- and two-
stage processes. In the one-stage process, steam pressures 
of 0.6MPa (5-10 minutes) and 1.3MPa (2.5-5 minutes) 
were used, but in the two-stage process, the straw was first 
treated with steam for 30 minutes at 6kPa and thereafter 
for 2.5 minutes at 1.3MPa. The steam temperature was 
160°C and 190°C. Steam treatment reduced the carbon 
content on the exterior surface of triticale straw from 
approximately 94% to 70-85% and increased the content of 
oxygen from 5% to 12-27%, which made the exterior 
surface layer similar to the interior with 63% carbon and 
36% oxygen [39]. By treating wheat straw with hot water 
for 0.5 hours at 80-95°C, at a pH of 6.0 adjusted by 2% 
hydrogen chloride (HCl) or at a pH of 8.0 adjusted by 2% 
NaOH, about half the original lipophilic extractives could 
be released. The content of lipophilic substances was 
between 69 - 76% and they consisted mainly of free fatty 
acids, waxes, sterols, triglycerides, and sterol esters [40]. 



4.5 PARTICLE STRUCTURE 

In chipped raw materials, the size of the particles has a 
great influence on the bonding in combination with 
different adhesives [41]. A decrease in size probably gives 
a more uniform surface composition. For wheat straw, a 
reduction in particle size led to a decrease in the modulus 
of elasticity (MOE) and TS while IB increased, probably 
because a decrease in particle size increased the contact 
area between adhesive and particle. The modulus of 
rupture (MOR) did not change [4]. In another study, straw 
was first rolled, then split longitudinally and deformed by 
shear to rupture the epicuticular layer and increase the 
adhesion [42]. In that case, the particles were transformed 
into fibres. For rice straw, both the particle size and the 
adhesive had a strong influence on the mechanical 
properties of the boards. In boards glued with MDI 
adhesive, the IB and the TS decreased while the MOE and 
the MOR generally increased with increasing particle size 
[43]. Particleboards made from rice husks glued with urea 
formaldehyde (UF) showed a decrease in MOE, MOR and 
IB with increasing particle size [44].  

4.6 SURFACTANTS 

Surfactants can generally be divided into spray-modifiers 
which change the characteristics of the aqueous solution 
and sorption activators which influence the rate of 
absorption by the plant [45]. Surfactants which are 
essential for herbicide solutions, increasing the wettability 
of e.g. leaves and other plant surfaces, might also be 
interesting when using monocotyledons in particleboard. 
Surfactants in general had only a limited influence on the 
surface tension and it was shown that too much surfactant 
can result in an increase in the surface tension [46]. In 
herbicide solutions, the penetration or diffusion across the 
cuticle is also important [47]. Important factors for a 
successful penetration are the partition coefficients of the 
solution and the different components of the plant surface, 
the concentration gradient, and the solubility which 
influences the permeance [45]. The infiltration of both 
lipophilic (non-polar ions) and hydrophilic (polar ions) 
substances suggests that there are an aqueous and a lipoid 
route through the waxy layer of the external surface [48]. It 
was also possible to show that some non-ionic surfactants 
significantly increased the water permeability while ionic 
surfactants had no effect on the permeability. No 
detectable amounts of aliphatic wax constituents were lost 
on treatment with ionic and non-ionic surfactants. Non-
ionic surfactants are soluble in cuticles and many penetrate 
them at quite high rates and support water permeability 
[49]. 

4.7 COUPLING AGENTS 

Coupling agents particularly silane coupling agents, were 
developed to improve the chemical resistance of the bond 
across the interface between organic resins and mineral 
surface of glass fibres, as prolonged moisture exposure led 

to a loss in strength [50]. In general, coupling agents 
should improve the compatibility and adhesion between 
non-polar and polar surfaces and adhesives. The most 
popular agents are isocyanates, anhydrides, anhydride-
modified copolymers, and silanes [51]. Organofunctional 
silicones are hybrids of organic materials and silica. More 
than 100 of these coupling agents were evaluated in glass-
reinforced polyester and epoxy composites, as their 
effectiveness is related to the reactivity towards the resin 
of the organofuncional group to [50]. Experiments on reed 
and wheat straw showed that such coupling agents improve 
properties of particleboards made from monocotyledons 
[41]. Silane coupling agents were also used in 
particleboards designed as acoustic material consisting of 
rice straw and wood bonded by UF adhesive [52]. In 
another study, composite-particleboards made of fine-
milled wheat straw and recycled LDPE (low density 
polyethylene) were produced in combination with the 
coupling agents PAL (polyacrylate latex) and and PAPI 
(polymethylene polyphenylene isocyanate) [53]. Different 
coupling agents were also tested in composites made of 
HDPE (high density polyethylene) in combination with 
extruded rice husks [54]. 

5 DISCUSSION 
It seems that enzymatic treatment is the most harmless 
regarding loss of the mechanical properties of straw but 
extensive treatment times are required.  The enzymatic 
treatment with lipase leads to results similar to those 
achieved by surface treatment with NaOH. Compared with 
the other alkali, NaOH was the highest effective in 
removing the waxy layer. Treatments with organic solvents 
were partly effective in removing the waxy layer but they 
also had a strong effect on the mechanical properties of the 
remaining raw material regarding (CCl4). Organic solvents 
might however be useful, depending on the concentration 
of the solvent and the raw material used, even when they 
are generally used to analyse the extractives (CHCl3). 

The most conventional surface treatment seems to be with 
alkali, particularly NaOH. Regarding the surfactants, 
coupling agents and the particle form and size in 
connection with monocotyledons in particleboard 
production, little literature was found. Nevertheless, the 
literature shows that there is a positive effect of these 
materials and methods, also regarding the adhesive used.  

To compare the effects of treatment with NaOH, surfactant 
and coupling agent on different adhesives, the tensile 
strength can be determined. The mean values of such tests 
are presented in Figure 2. For this purpose, samples of 
Reed canary grass were glued with the internal surface 
onto a wooden cube with a surface area of 1cm2. As the 
internal surfaces of monocotyledon straws from barley, 
wheat, or Reed canary grass are more similar to the surface 
of wood than to the external surface with its waxy layer, 
they can easily be glued with conventional wood 



adhesives. The waxy layer of the external surface was than 
either treated with NaOH or left in its natural condition. To 
compare different adhesives in combination with 
surfactants and coupling agents, the surfactant sodium di-
octyl sulphosuccinate (DSS) and the coupling agent 3-(2-
Aminoethylamino)propyl trimethoxysilane (CA) were used 
to glue a second wood cube onto the external surface with 
different adhesives. After curing, the samples were tested 
regarding to tensile strength in a range of 0.01 - 2.00 
N/mm2. The defined area of 1cm2 of the glue line allows 
an easy comparison of the different combinations used. 
Melamine urea formaldehyde (MUF), an isocyanate-based 
adhesive (polyurethane, PUR), one adhesive with a wide 
tack range (PVAc), two matrix-building adhesives (acryl, 
epoxy), and natural adhesives or additives (Kraft-lignin, 
fish lime) were used. The number of repetitions was 12 for 
each sample. The only adhesive exceeding 0.5 N/mm2 as a 
minimum criterion, a realistic value for the internal bond 
of particleboards, in all combinations was epoxy, 
considering the mean tensile strength test values (Figure 
2). Without any treatment, acryl and PUR also showed 
strength values higher than 0.5 N/mm2. Treatment with 
NaOH had a positive effect for all adhesives leading to 
strength values of 0.5 N/mm2 for all except MUF. The low 
values for MUF may have been affected by the test design, 
as this adhesive had a relatively low viscosity and was 
oozing out of the glue line. With natural adhesives, e.g. 
lignin and fish lime, DSS seems to have a positive effect 
on the bond, and PVAc, acryl and epoxy CA led to an 
increase in strength. Only for PUR did both admixtures 
result in lower strength values than with the original 
adhesive but, for acyl and epoxy, DSS lowered the 
strength. 

 

Figure 2: Range of mean tensile strength values after 
combining pre-treatment, admixtures and different 
adhesives 

While the surfactant, especially with high-end adhesives 
like PUR, epoxy and MUF, led to lower strength, the 
natural adhesives seems to profit from the blending by 
increased wettability, leading to a higher bonding strength. 
For the natural adhesives, wetting is in general a greater 
problem than tacking, as compositions with DSS result in 
higher strength than compositions with CA. The results of 
this example support the results presented in the review 
that a) treatment by NaOH, b) using a coupling agent, and 
c) using a surfactant support the successful gluing of 
monocotyledons, but also that the adhesive used has a 
strong influence. 

6 CONCLUSION 
The review showed that there are different opportunities 
for including monocotyledons in the conventional 
particleboard production process. Possible ways of 
treatment to increase tacking are by using organic solvents, 
alkalis, enzymes, and by selecting the size and form of the 
particles. Instead of treating the particles, the adhesives can 
by modified using surfactants or coupling agents. NaOH 



seems to be the best alternative for straw, compared to 
other alkalis and compared to organic solvents and 
enzymes. Nevertheless, surfactants and coupling agents, 
which have not yet been extensively considered, may 
allow the use of monocotyledons in their natural condition, 
as they can increase the interaction of the waxy layer with 
the adhesive. A comparison of treatment with NaOH, a 
surfactant, and a coupling agent showed that the treatment 
of the waxy layer in general has a positive impact on the 
bonding strength when straw, in this special case Reed 
canary grass, is used in combination with different 
adhesives. The influence of the size of the particles was 
not considered as a defined size of the gluing area was 
used. It can further be suggested that there are many 
combinations of treatments and adhesives which lead to 
good results. 
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