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IMPROVING WATER RESISTANCE OF WHEAT STRAW-BASED 
MEDIUM DENSITY FIBERBOARDS BONDED WITH 
AMINOPLASTIC AND PHENOLIC RESINS 
 
Thomas Hervillarda, Qi Caob and Marie-Pierre G. Laborieb* 

A long standing problem in the manufacture of wheat-straw based 
composites with cost-effective formaldehyde-based resins is their poor 
water resistance as demonstrated by their large water thickness swell.  
In this study, wheat straw based medium density fiberboards were 
manufactured using 3 resin/wax systems: a melamine-urea-formalde-
hyde resin with either low or high wax content, and a phenol-formal-
dehyde resin with low wax content.  The flexural properties, internal bond 
strength, and thickness swell of the resulting composites were evaluated 
and compared according to ASTM methods.   The three MDF compos-
ites passed the requirements for MDF in interior application, except for 
the MDF manufactured with the aminoplastic resin and low wax content 
that failed to provide acceptable thickness swell.  Using the phenolic 
resin in combination with low wax content resulted in a higher grade 
MDF composite, grade 120, than with the aminoplastic and high wax 
content.  This study demonstrates that wheat straw based MDF manu-
factured with cost-effective aminoplastic and phenolic resins can have 
flexural properties, internal bond strength and thickness swell perfor-
mance above the requirements from the American National Standards 
Institute. 
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INTRODUCTION 
 

The United States produces over 70 million tons (SI) of wheat straw residues 
(Kinsella 2004). Field burning is the most economic practice to dispose of these residues, 
but environmental pressure has resulted in increasingly stringent restrictions in the 
United-States.   At the same time, the worldwide demand for fiberboards is predicted to 
double or triple from 1996 to 2010, creating a challenge to tumbling wood resources 
(Bowyer and Stockmann 2001).   Increasing demands for fiberboards and depleted wood 
resources have therefore opened an opportunity for straw-based composites.  As a result, 
intensive research and development have been conducted in the last decade to develop 
technology for manufacturing straw-based composites with thermosetting resins (Sauter 
1996; Han et al. 2001b; Mantanis and Berns 2001; Wasylciw 2001; Mo et al. 2003) and 
more recently thermoplastic resins (Averous and Le Digabel 2006; Schirp et al. 2006).  
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Technological and economical challenges have limited the commercialization of 
the straw-based composites with thermosetting resins (Lengel 2001).  Polymeric 
methylene bis(phenylisocyanate), pMDI, an effective but expensive adhesive, has 
generally been used for manufacturing straw-based thermosetting composites.   pMDI, 
which is currently used in the few strawboard plants in operation, is four times more 
expensive than aminoplastic resins and two times more than phenolic resins (Zhang et al. 
2003; Mo et al. 2005). 

 Also, commercialization has focused on particleboards rather than medium density 
fiberboards (MDF), which is at odds with the reported adequacy of wheat straw for fiber-
based materials (Sauter 1996; Hague et al. 1998; Lengel 2001).   The refiners used for 
MDF manufacture offer opportunities to manipulate and optimize the straw properties for 
bonding (Hague et al. 1998; Grigoriou 2000).     

For straw-based composites to be competitive, a MDF manufacturing technology 
that could use the more economical formaldehyde-based resins, urea-formaldehyde 
and/or phenol-formaldehyde, is needed.  However, there are well-known technical 
challenges associated with bonding wheat straw with formaldehyde-based resins.   First, 
wheat straw is covered with a waxy cuticle that inhibits adhesion with water-based 
adhesives.  Second, wheat straw has a high buffering capacity that interferes with the 
hardening of aminoplastic resins (Sauter 1996). Previous studies have demonstrated that 
pressure refining lowers the straw acid buffering capacity and disintegrates the waxy 
cuticle, thereby affording better adhesion with urea-formaldehyde resins (Sauter 1996; 
Hague et al. 1998), albeit not to the levels required by the standards for MDF of the 
American National Standards Institute (American National Standards Institute 2002).   
Other pretreatments, including a chemi-thermomechanical treatment (Markessini et al. 
1997), a twin-screw/pressure refining treatment (Mantanis and Berns 2001) or simply 
high-pressure refining (Han et al. 2001b; Wasylciw 2001; Wasylciw 2002) have also 
been shown to improve the adhesion of wheat straw fibers with UF or MUF resins.  
Straw-based composites could therefore be manufactured with UF resins to pass the 
ANSI  requirements for internal bond strength and flexural properties (Han et al. 2001b; 
Mantanis and Berns 2001; Wasylciw 2001).  More recently, enzymatic treatments have 
been reported to improve the properties of straw-based particleboards (Zhang et al. 2003). 

 In spite of the improvements imparted by these treatments, the water resistance 
and dimensional stability of straw-based MDF composites is still an issue.  According to 
ANSI standards, the thickness swell of panels, with thickness between 9.5 and 15 mm, 
should not exceed 1.5 mm, whereas that of panels with thickness higher than 15 mm 
should not exceed 10%.   However, thickness swell values in the 20-30 % range have 
been repeatedly obtained (Markessini et al. 1997; Han et al. 2001b; Mantanis and Berns 
2001), well above the allowance  from the ANSI standard.  To achieve acceptable water 
resistance, chemical modification of wheat straw has been performed prior to MDF 
manufacture with a phenolic resin and acetylated wheat straw (Gomez-Bueso et al. 2000).  
While efficient, the required chemical modification is expensive and impractical for 
industrial operations.     

The objective of this research was to develop a simple technology to manufacture 
wheat-straw based MDF passing the minimum performance requirements for interior 
applications while using the low cost formaldehyde-based resins.  In particular the 
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research aimed at addressing the low dimensional stability and poor thickness swell 
performance of wheat-straw based composites.  To that objective, the more water-
resistant resins, melamine-urea-formaldehyde (MUF) and phenol-formaldehyde (PF) 
resins were selected for this research.   
 
 
EXPERIMENTAL 
 
Materials 
 Wheat straw, of the MADSEN variety, one of the most common varieties in the 
state of Washington, was provided by local farmers.  The wheat straw was hammer-
milled into particles up to 5 cm long.  The milled material was screened with a 0.5 cm 
screen to remove finer material.  The straw was then soaked in cold water for 24 hours 
and processed in a disk refiner operating at atmospheric pressure and with spacing 
between the disks adjusted to 0.5 mm.   After refining the straw was dried to a moisture 
content of approximately 1% in a rotating drum dryer before hot-pressing.    

Two formaldehyde-based resins were selected and utilized to develop strong 
water resistance.  These were a Melamine-Urea-Formaldehyde (MUF) resin formulated 
and synthesized by Dynea and a Phenol-Formaldehyde (PF) resin from Hexion Specialty 
Chemicals. The MUF resin was formulated to provide water-resistance and consisted of 
10% wt melamine based on solids at an overall F/(M+U) molar ratio of 1.35. The resin 
also was incorporated with an inorganic internal catalyst. The MUF resin had a non-
volatile solids content of 65.5%, a pH of 8.4, and a viscosity of 155 cps at 25°C.   The 
base-catalyzed PF resin had a solids content of 51%, a pH in the 11.5-12.5 range and a 
viscosity in the 80-180 cps range at 25°C.  In addition, a wax emulsion, Coscowax EW 
58S was obtained from Hexion.   
 
Methods 
 
Manufacture of straw-based MDF composites  
 For each resin/wax combination, sufficient straw was refined to prepare three 
MDF panels of target density 850 kg/m3 and dimensions 60×60×1 cm3.  Three resin/wax 
combinations were selected to manufacture the MDF panels (Table 1).  Based on dry 
wheat straw mass, these were: 1) 12% MUF resin content with 0.5% wax content, 2) 12% 
MUF resin with 1.5% wax content, and 3) 12%  PF resin with 0.5 % wax content. 
 
 
Table 1. Parameters for MDF Manufacture Using 3 Resin/Wax Systems 

Resin Wax Press cycle (sec) Press temperature 
(% solids on oven dry 

straw) 
Press 

Closing 
Resin 
Cook 

Degas Press 
Open 

Total
 (°C) 

MUF (12%) 0.5% 45 345 30 60 480 160~166 

MUF (12%) 1.5% 45 345 30 60 480 160~166 

  PF (12%) 0.5% 45 465 90 60 660 175 
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Pretreated wheat straw fibers, resin, and wax were loaded in a rotary blender.  

During blending, straw packets or balls formed, which could cause homogeneity 
problems in the furnish mat. The straw packets were therefore eliminated by passing 
through a Nelmor hammer mill.    

The furnish mixture was then homogeneously placed in a forming mold with 
dimensions 61×61cm2 by passing through a screen to even distribution.   Panels were 
then hot-pressed in a 91x91cm2 computed-controlled hydraulic press with oil-heated 
platens.   Hot-pressing conditions are outlined in Table 1.   After pressing, the panels 
were cooled to ambient temperature and panel thickness measured with a caliper.  
Specimens for materials properties were then machined.  
 
 Measurement of physical and mechanical properties  
           Internal bond strength (IB), modulus of elasticity (MOE), modulus of rupture 
(MOR), and thickness swell (TS) were determined according to ASTM D 1037-99 
(American Society for Testing Materials 2006a).   For each test, sample size was 
determined a priori according to ASTM E 122-00 (American Society for Testing 
Materials 2006b) using properties estimates based on the literature (Grigoriou 2000).   As 
a result, 18 IB specimens, 9 MOE/MOR specimens and 9 TS specimens were prepared 
for each resin/wax combination from the three replicate boards.  Dimensions for the test 
specimens were computed to be 50 x 50 x 10 mm3 for IB, 290 x 76 x 10 mm3 for flexural 
properties and 102 x 102 ×10 mm3 for thickness swell.  While ASTM calls for larger TS 
specimens, smaller samples are commonly utilized and were deemed acceptable for 
comparison.  The specimen cut-up pattern for each panel was designed in order to 
randomize specimen location (Figure 1).     

 
Fig.  1.  Cut-up pattern for machining flexural (MOE-MOR), Internal bond (IB) and Thickness 
swelling (TS) specimens from each MDF panel. 
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 Before IB and flexural property measurements, the specimens were equilibrated 
for 72 hours in a conditioning room having 65.4%± 0.1% relative humidity and at 20°C± 
3°C.  Weight and dimensions were measured on the IB specimens and the density was 
thus computed for each panel.  In addition, the density profile was measured on the IB 
specimens using a QMS X-ray Density Profiler (Model QDP-01X. X-rays).  Mechanical 
tests were performed on an INSTRON 4466.  IB specimens were loaded at a crosshead 
speed of 0.78 mm/min.  For flexural specimens, the loading rate was set at 0.47 mm/min 
and the test span was 234 mm.  For thickness swelling test, the Method A, 2 Plus 22 
hours submersion in water, of ASTM D 1037 was utilized.  The measured properties for 
each of the three resin/wax combinations were compared to the requirements of the 
American national standard for MDF for interior applications.  In addition, significant 
differences in the physical and mechanical properties measured for the three resin/wax 
combinations were detected by performing an ANOVA test at an α level of 0.1, followed 
by a Tukey test.      
 
 
RESULTS AND DISCUSSION 
 

Wheat  straw based MDF panels with densities in the 870-920 kg/m3 range  were 
successfully manufactured using the three resin/wax combinations, MUF/0.5% wax, 
MUF/1.5% wax, and with the PF/0.5% wax.    All the panels presented the typical density 
profile expected by mat densification. Namely, higher density was obtained near the 
panel face, while the core layer of the panel displayed a low density plateau (Figure 2).   

 

 
 
Fig.  2.  Typical density profile of straw-based MDF boards 

Density 
 
(Kg/m3) 

Thickness (mm) 



 

PEER-REVIEWED ARTICLE  ncsu.edu/bioresources 
 

 
Hervillard et al. (2007). “Fiberboard water resistance, resins,” BioResources 2(2), 148-156.  153 

 
Table 2 summarizes the properties of the composites manufactured with the three 

resin/wax systems.  In this table, significant differences in properties detected from the 
ANOVA/Tukey tests are indicated with the letter grouping.    In addition, the data ob-
tained in this study are compared to those obtained by Han et al. (2001b) on wheat straw 
MDF manufactured with UF resins.  These composites had a density of 700 kg/m3 and 
were obtained after pressure steaming and refining of the fibers (Han et al. 2001b).  
Finally the overall MDF grade obtained from the ANSI specifications for each property is 
indicated in Table 2.  MDF is classified as 110, 120, 130, 140, 150, and 160 grades, with 
the 160 grade representing the best properties.  
 
Table 2.  Physical and Mechanical Properties of 10 mm Thick Wheat Straw-
based MDF  

 Density MOE MOR IB 24h TS MDF
 (kg/m3) (N/mm2) (N/mm2) (N/mm2) (mm) grade 

MUF, 0.5 % wax 878±60 3895±651 33.1±2.7(A) 0.82±0.21 (A) 1.7±0.4(A) - 
MUF, 1.5 % wax 915 ±44 3773±440 26.3±3.3(B) 0.44±0.05 (C) 0.9±0.1(B) 110 
PF, 0.5 % wax 916±60 3952±514 32.4±4.0(A) 0.57±0.09 (B) 1.0±0.3(B) 120 
Han et al. 2001 ∼700 ∼2800 ~32 ∼1 >25% - 
*(A), (B), (C) indicates Tukey grouping when significant differences were detected 

 
For all the straw-based MDF manufactured, very high flexural properties were 

obtained and were minimally influenced by the choice of the resin/wax system.  Similar 
MOE values were obtained with the three resin/ wax systems, above 3100 N/mm2, which 
corresponds to the requirement for the best MDF grade, 160 grade (American National 
Standard Institute 2002).   High MOR values were also measured, with the MUF/0.5% 
wax and the PF/0.5% wax systems ranking the best, again above the requirements for 160 
grade MDF.  When 1.5% wax was used in combination with the MUF resin, a lower 
MOR was obtained, but it still passed the grade 140 requirements for MDF.  Altogether, 
the three resin/wax systems allowed for excellent flexural properties, which were likely 
related to the high density of the composites.   These results are in line with previous 
work that measured high flexural properties in straw-based MDF (Grigoriou 2000; Han et 
al. 2001b; Mantanis and Berns 2001).    

For internal bond strength, good values were also obtained with MDF 
manufactured with all 3 resin/wax systems, since all three passed the requirements for 
interior application.   However, significant differences in IB were detected between the 
three resin/wax systems.  The MUF resin in combination with 0.5% wax content 
performed best to a 140 grade MDF, above the PF/0.5% wax system, achieving a 120 
grade, and well above the MUF/1.5% wax system, which reached a grade 110.  
Altogether, satisfactory internal bond strengths were obtained with both aminoplastic and 
phenolic resins.   These results confirm that adequate adhesion can be obtained between 
wheat straw and aminoplastic or phenolic resins after simple fiber refining.  As 
previously demonstrated, fiber refining improves the bondability of wheat straw by 
removing the waxy cuticle on the wheat straw surface and also by reducing its acid 
buffering capacity (Sauter 1996; Hague et al. 1998).  The lowest IB measured in the 
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MUF/1.5% wax system is likely due to the wax interfering with the adhesion between the 
MUF and wheat straw.     

The resin/wax combinations were selected with a view to improving the thickness 
swell properties, which have not been satisfactory to date with wheat-based straw MDF.   
When comparing the 24 hours thickness swell for the three resin/wax systems, it was 
evident that high wax content afforded the best TS properties.  With the MUF/1.5% wax 
system, the composites had a low TS of 0.9 mm, well below the maximum allowance of 
1.5 mm and corresponding to less than 10% TS.  The PF resin with only 0.5% wax 
content performed similarly as the MUF/1.5% wax system within the ANSI requirements 
for MDF.   

Phenol-formaldehyde resins are well known for their water-resistance and 
therefore are well suited to impart water resistance and low thickness swell properties to 
wheat-straw based composites even when used with low wax content.   With the MUF 
resin on the other hand, high wax content must also be used to provide acceptable TS, 
since the MUF/0.5% wax content did not pass the MDF requirements for interior 
applications with a large TS of 1.7 mm.  In the systems using MUF/1.5% wax and 
PF/0.5%  wax, the average thickness swell was on the order of 10% maximum which was 
an improvement compared to previous reports of thickness swell of wheat straw-based 
MDF in the 20-30% range (Grigoriou 2000; Han et al. 2001b).   

Overall, MDF composites prepared with MUF/1.5% wax and PF/0.5% wax both 
passed the minimum requirements for flexural properties, internal bond strength and also 
thickness swell, with the PF resin providing the best grade of MDF composite, 120 grade.  
With the MUF/1.5% wax system, the lowest MDF grade 110 was obtained overall.   
These results indicate that both MUF resins and PF resins could be used in combination 
with the appropriate wax content to manufacture wheat-straw based MDF composites 
that pass the ANSI requirements for interior applications, without resorting to expensive 
fiber modification (Gomez-Bueso et al. 2000; Han et al. 2001a).   This is of significance 
because an impediment to the success of straw-based composites has been their low 
dimensional stability.  Note that in this study the fiber preparation consisted of a simple 
refining step, suggesting that further improvement in physical and mechanical properties 
could be attained by optimizing the refining step using appropriate high-pressure 
conditions (Han et al. 2001b; Mantanis and Berns 2001). 

 
 
CONCLUSIONS 
 
1. Wheat straw-based MDF composites manufactured with aminoplastic and phenolic 

resins and appropriate wax contents passed the ANSI requirements for flexural 
properties, internal bond strength and also thickness swell for MDF used in interior 
applications.   

2. The highest properties were achieved when a phenolic resin and a low wax content of 
0.5% on wheat straw solids were used, resulting in a grade 120 straw-based MDF 
composite.  

3. MDF composites bonded with a MUF resin and a wax content of 1.5% based on 
straw solids achieved a grade 110.   
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4. When wheat straw-based MDF composites were manufactured with a MUF resin in 
combination with low wax content of 0.5% on straw solids, the composites performed 
well above the standards for flexural and internal bond strength properties but failed 
to pass the ANSI requirement for thickness swell.  
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