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Water-related Properties of Two Myanmar Timber Species Modified with
Melamine Resin

Dr. Khin Maung Sint, Rector
University of Forestry and Environmental Science

Abstract

Water-related properties of melamine-treated and untreated B. ceiba and B. insigne heartwood
were investigated and the efficacy of melamine treatment to a varying degree of resin load on
these properties discussed. The tests performed were anti-swelling efficiency, sorption and
capillary water uptake. The main properties measured were anti-swelling efficiency (ASE),
radial, tangential and volumetric swelling, swelling anisotropy, coefficient of swelling,
differential swelling coefficient, two types of equilibrium moisture content (EMC), fiber
saturation point (FSP), water uptake and water diffusion coefficient. Solution uptake, weight
percent gain and solid resin retention were calculated and presented as important indices to
treatability. Treatment with melamine caused a reduction in radial, tangential and volumetric
swelling, and resulted in ASE of up to 61% at about 35% WPG. The amount of water adsorbed
by the treated and control specimens were the same at RH <90%, the reduction in EMC on the
basis of oven-dry weight after treatment being due to the mere mass of impregnated melamine
resin. Fiber saturation point and EMC at 95% RH were, however, greatly reduced. Similarly,
the water uptake was significantly retarded by melamine treatment and subsequently higher
WRESs were achieved in both species.

Keywords:  Anti-swelling efficiency, weight percent gain, equilibrium moisture content,
fiber saturation point, water uptake
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Water-related Properties of Two Myanmar Timber Species Modified with
Melamine Resin

1. Introduction

Wood is a hygroscopic material and possesses sorptive nature. When placed in a new
environment, it undergoes the exchange of water vapor with the surrounding air until moisture
equilibrium is established with the air. This exchange of water vapor below fiber saturation
point affects physical, mechanical, elastic and thermal properties, and resistance to biological
deterioration (Bowyer et al. 2007; Rowell 2005). When wood gains moisture, mechanical
strength decreases, thermal and electrical conductivity increases, and the rate of bond water
diffusion increases (Siau 1984). Weathering of wood is also affected by changes in moisture
content (Forest Products Laboratory 1999), although principally initiated by the UV light from
solar energy.

Gain or loss of moisture below fiber saturation point changes dimensions of wood. As
it gains moisture in its cell walls, it swells and when it loses moisture from its cell walls, it
shrinks. This swelling and shrinking can result in warping, checking, splitting, loosening tool
handles, gaps in strip flooring, etc. (Forest Products Laboratory 1999). In fact, movement
(shrinkage or swelling) of wood is the result of water adsorption or desorption by the hydroxyl
groups present in the wood matrix constituents. Thus, many attempts have been made to reduce
the hygroscopicity of timber and hence to stabilize it by eliminating these groups or reducing
their accessibility to water. This can be accomplished by chemical changes or by introducing
physical bulking agents (Dinwoodie, 2000).

Acetylation is one of the most effective systems that reduce the hygroscopicity and
improve wood stability. Goldstein et al. (1961) acetylated 12 timber species and found
enhanced dimensional stability and reduced equilibrium moisture content. These results were
in agreement with the current research findings (Thygesen et al. 2010; Rowell et al. 2009;
Rowell 2006; Minato et al. 2003; Ramsden et al. 1997). The reduction in hygroscopicity and
enhancement in dimensional stability of acetylated wood is attributable to the replacement of
hydroxyl groups on the cell wall polymers with bonded acetyl groups and the bulking of bonded
acetyl groups (Rowell et al. 2009; Rowell 2006;). However, this system also led to reduction
in mechanical properties of solid wood although it is not significant in most cases
(Papadopolous 2008; Jorissen et al. 2005; Ramsden et al. 1997; Larsson and Simonson 1994;
Dreher et al. 1964; Narayanamurti and Handa 1953). There are still some reports on the
improvement of these properties, especially fiber stress at proportion limit and modulus of
rupture in static bending, compressive strength perpendicular to the grain and hardness (Dreher
et al. 1964; Goldstein et al. 1961). Impact bending was not significantly unchanged by
acetylation (Dreher et al. 1964; Goldstein et al. 1961).

Thermal modification also reduced moisture uptake and differential swelling, thus
leading to enhancement of dimensional stability while mechanical properties were greatly
diminished, especially impact bending (Johansson and Moren 2006; Chikova et al. 2005;
Christmas et al. 2005; Esteves et al. 2005; Metsa-Kortelainen 2005; Scheiding et al. 2005;
Tremblay and Lihra 2005; Yildiz et al. 2005).

Other systems such as application of oil-based or alkyl-based finishes, and reaction of
wood with formaldehyde under acidic condition, polyethylene glycol (PEG), phenol
formaldehyde, various epoxides, anhydrides and isocyanates have shown to reduce
hygroscopicity and to improve dimensional stability (Dinwoodie 2000).



Melamine formaldehyde and melamine urea formaldehyde resins are thermosetting
resins primarily used for exterior and semi-exterior plywood and particleboards, finger-joints
and for overlays (Frihart 2006; Pizzi 2003). Due to the improved moisture resistance and
enhanced durability of the products treated with these resins, the technology has been
transferred to improving multiple properties of solid wood. Different formulations of melamine
resin have demonstrated to enhance dimensional stability (Deka et al. 2007; Lukowsky 2002;
Deka and Saikia 2000; Miroy et al. 1995; Rapp and Peek 1995; Pittman et al. 1994) and
hydrophobicity (Epmeier et al. 2004; Deka and Saikia 2000; Pittman et al. 1994) depending on
the degree of resin load. Moreover, several authors described improved weathering resistance
(Hansmann et al. 2006), reduced discoloration (Muller and Steiner 2009), and enhanced
biological resistance (Westin et al. 2006; Krause et al. 2004; Rapp and Peek 1996) by
modification with melamine resins. The water resistance of melamine-treated products is due
to the condensation reaction to form oligomers and polymers, which is not reversible (Frihart
2005). Moreover, melamine resin acts as a photometrically inert matrix and absorbs no light
wavelengths longer than 280 nm, thus improving weathering resistance (Miiller and Steiner
2009).

Treatment with melamine resin also improved hardness (Epmeier et al. 2004; Gindl and
Gupta 2002; Miroy et al. 1995), and elastic properties (Epmeier et al. 2004; Gindl and Gupta
2002; Deka and Saikia 2000) and mechanical strengths (Epmeier et al. 2007). Transverse
compression strength is far from satisfaction in wood utilization, which is positively influenced
stronger than other mechanical properties by melamine treatment (Gindl et al. 2003). The
enhancement of these mechanical strengths can be seen as advantages over acetylation and heat
treatment.

Thus, this paper was designed to assess the effect of modification with melamine resin
on dimensional stability and hydrophobicity of two light tropical timber species. Water-related
properties such as anti-swelling efficiency, differential swelling, water diffusion coefficients,
and equilibrium moisture contents at different relative humidity environments were
investigated for melamine-treated wood and the effect of resin loads on them discussed.

2. Materials and methods
2.1. Materials

The timber species investigated were Bombax ceiba and B. insigne harvested from
deciduous forests of Myanmar. Myanma Timber Enterprise provided with two five-meter long
logs per species, each with an average mid diameter of 70 cm. After conversion into lumbers
50 mm (R) x 125 mm (T) x 5 m (L), they were dried in a kiln regulated at a temperature of 50-
55°C to around 12% moisture content. Then, the lumbers were stacked in an open shed with
roof, from which wood specimens were prepared for this research.

2.2.  Sample preparation

Wood specimens were prepared from the randomly selected kiln-dried lumber
heartwood and oven-dried at 103+2°C for 48 hours. After cooling down, their dimensions (L)
and weight (W) were measured and conditioned at 65% relative humidity and 20°C until they
were impregnated with melamine solutions. Just before impregnation, wood specimens were
weighed (W-) and measured (L) again. The sizes of specimens were 30 mm (radial) x 30 mm
(tangential) x 10 mm (longitudinal) for dimensional stability, 20 mm (radial) x 20 (tangential)
X 10 mm (longitudinal) for sorption, and 40 mm (radial) x 40 mm (tangential) x 40
(longitudinal) mm for capillary water uptake.



2.3.  Preparation of melamine solutions

Solutions with 5%, 10%, 20% and 40% melamine resin concentration were applied to
different combinations of wood specimens of both timber species, to analyze effects of resin
loads on water-related properties. N-methylol melamine resin (MW 840) was provided by
INEOS Melamine (GmbH) with a 75% content of solids. To analyze the effect of melamine
concentration (ML) on the treatability of samples, solutions with stated melamine
concentrations were prepared. Melamine resin was diluted with tap water of round pH 7 in
gram ratios 66:934 (ML 5%), 132:868 (ML 10%), 264:736 (ML 20%) and 528:472 (ML 40%).
After adding water to the N-methylol melamine resin, the mixture was well stirred in an electric
shaker until no suspension was observed and the pH value of the solution was recorded. Then,
1% of ethanolamine was supplemented, and the pH of the solution was measured. Finally,
sodium hydroxide was buffered until the solution attained a pH of around 10.

2.4.  Impregnation and curing

The conditioned wood samples were impregnated in a stainless steel plant using a full
cell process which included an initial vacuum phase of 50 mbars for 45 minutes and a pressure
phase of 12 bars for two hours. After impregnation, the excess solution from the surface of the
samples was removed with paper and the samples were weighed (Ws3). Half of the samples (per
species and size) were cured at 90°C and the others were cured at 120°C for 72 hours in an
oven. After curing, the samples were cooled down in desiccators and weighed (W5).

2.5.  Testing procedure

Dimensional stability: Specimens were first subjected to leaching according to EN 84.
Anti-swelling efficiency (ASE) was determined from the oven-dry and saturated dimensions
as an index to dimensional stability in accordance with the method described by Hill et al.
(2004). The maximum swelling and ASE were given by the relationships:

S= M x 100 (%) 1)
ASE =375t 5 100 (% 2
5% X100 (%) @

where S stands for maximum swelling, As and Ao for saturated and oven-dry cross-sectional
area (obtained by multiplication of radial and tangential dimensions), ASE for anti-swelling
efficiency, and Su and St swelling of untreated and treated specimens.

To investigate the stability of melamine resin in the treated wood, all specimens were
subjected to 10 cycles of water saturation and oven-drying, and ASE determined at each cycle.

Radial, tangential and volumetric swelling and swelling anisotropy were also
determined for treated and untreated specimens according to DIN 52184 as follows:

Sg =" x100 (%) 3)

0
Ls—L,

Sp="1x100 (%) (4)
0

Sy=""2x100 (%) (5)
0

Swelling Anisotropy = 51 (6)

Sr



where Sgr, St and Sv are radial, tangential and volumetric swelling of a specimen, respectively.
Ls and Lo represent radial or tangential dimensions of the specimen in saturated and oven-dry
conditions, and Vsand Vo volume of the specimen in saturated and oven-dry conditions.

Equilibrium moisture content: Leaching test was, in accordance with EN 84,
performed on all specimens prior to sorption test. Then, they were conditioned consecutively
in an ascending order of relative humidity at 30% RH, 50% RH, 65% RH, 80% RH and 95%
RH. At each relative humidity, the specimens were stored in a climatic chamber for two weeks
and measurements on dimensions and weight were taken. The temperature was kept constant
at 20°C throughout the test. At the end of conditioning at 95% RH, the specimens were vacuum-
impregnated with tap water and submerged in water for two days prior to final measurement
of their dimensions. Two kinds of equilibrium moisture content were determined based on
oven-dry weight before and after modification by the relationships:

EMC! = 220 x 100 (%) ©)
(based on oven-dry weight after modification)
EMc? =25 WR"x 100 (%) (8)

(based on oven-dry weight before modification)

where EMC is equilibrium moisture content of a specimen, W1 and W3 oven-dry weight of the
specimen before and after impregnation with melamine, and Wrn weight of the specimen
measured at a specific relative humidity.

The moisture excluding efficiency (MEE) was calculated from the EMC! as follows:

EMCcontrot—EMCtreated

MEE =
EMccontrol

x 100 % 9)

where EMCecontroi and EMCireated are equilibrium moisture contents of control and treated
specimens established under a given relative humidity. The higher the MEE, the higher is the
reduction in EMC of treated wood due to melamine treatment.

Fiber saturation point was estimated by the common relationship as follows:

FSP = 552707 5 100(%) (10)
Wdry
where FSP is fiber saturation point (%) of a specimen, Vsat and Vary volume of the specimen at
fully swollen and oven-dry conditions (cm®), and Wary oven-dry weight of the same specimen
measured in gram (g). Two assumptions must be met in regard to estimating the fiber saturation
point from the relationship 10. After saturation, the specimens must be in a fully swollen state
so that the cell wall cannot swell any more. The volume of cell lumina of the specimens must
remain constant at both fully swollen saturated and completely oven-dried states.

The coefficient of swelling and differential swelling coefficient were determined
according to DIN 52184, as follows:

_ _Lgo—L3o
—RHSO—RH 0x 100 (%/%) (11)
_ Lgo—L3p 0//0
D = —=x100 (%/%) (12)

Uugo—Uu30



where C is coefficient of swelling of a specimen, Lso and Lso radial or tangential dimension of
the specimen at 80% and 30% relative humidity, RHso and RHso 80% and 30% relative
humidity, and uso and uso moisture contents of the specimen at 30% and 80% relative humidity.

Capillary water uptake: The cured specimens were conditioned at 65% relative
humidity and 20°C for two weeks. Then they were sealed with the epoxy (water resistant type)
on radial surfaces of radial water uptake test specimens and on tangential surfaces of tangential
water uptake test specimens. Prior to exposure to water, the sealed specimens were again
conditioned at the previous condition. Just before exposure to water, they were weighed again
as initial weight, and placed vertically on the saturated sponges that were laid on the test vessels
horizontally and covered by water to 2 mm. The weights of the specimens were measured at 1,
2, 3,4, 8,12, 24, 36, 48, 60, 72, 96, 120 hours, etc. after exposure to water. The test was
conducted according to DIN 52617 up to four weeks, with measurement of weight at every
hour at the start to every two to four days at the later stages.

Water uptake, water diffusion coefficient and water repellency efficiency were
determined as follows:

Us = Fend—Tstart (kg/m?) (13)
us

D,, = Z (kg/m?/h'?) (14)

WRE = D, (untreated)- D,, (treated) x 100% (15)

D,,(untreated)

where US is water uptake by a specimen, Wstart and Wend Weights of the specimen at the start
and after a specific time (after 1, 2, 3, 4 hour, etc.), A area of the specimen through which water
diffuses, Dw water diffusion coefficient of the specimen, T time of exposure, WRE water
repellency efficiency, Dw (untreated) water diffusion coefficient of untreated specimens, and
Duw (treated) water diffusion coefficient of treated specimens.

2.6 Data analysis

Three factors, i.e. species (2 levels: B. ceiba and B. insigne), melamine concentration
(4 levels: 5%, 10%, 20% and 40%) and curing temperature (2 levels: 90°C and 120°C) were
considered as sources of variation. Thus, the statistical model was a completely randomized
three-factorial one with 10 replications. The exception to this model is the capillary water
uptake test, in which two melamine concentrations (10% and 20%) were applied to B. ceiba
specimens, and all wood specimens were cured only at one curing temperature (120°C).
However, different anatomical directions were considered as an alternative source of variation.
Thus, the statistical model for this test was a completely randomized three-factorial one with
five replications. With the help of STATISTICA software (version 7.0), the data were
subjected to Analysis of Variance (ANOVA) to investigate their influence on the dimensional
stability, equilibrium moisture content and water uptake. The ANOVA tables were presented
in Appendix II.

3. Results and discussion
3.1.  Wood treatability

Solution uptake, WPG and SRR, which demonstrated the treatability of wood, were
presented in Table 1 for B. ceiba and in Table 2 for B. insigne. All of them increased with the



amount of melamine concentration in the treating solution. Wood structure, solubility of resin
in water, molecular size or molecular weight, viscosity of resin solution, and the solid content
of the resin solution affects the treatability of wood (Pittman et al. 1994). Melamine resin used
in this research is readily soluble in water, giving low viscosity. With increasing solid content
of resin, the treatability generally decreases. Pittman et al. (1994) found increasing solid content
of melamine/amine/formaldehyde to give lower solution uptake, WPG and SRR. However, all
these parameters increased with increasing solid content in this research, which might be
attributable to wood structure of B. ceiba and B. insigne. Both timber species have large vessels
with numerous slit-like intervessel pits and the profound quantity of large axial parenchyma
(Pearson and Brown 1932), which facilitated the infiltration of melamine resin, thus giving
higher values with higher concentration.

3.2 Dimensional stability

Dimensional stability of wood specimens was generally evaluated by measuring ASE
in most research papers. The higher the ASE values, the more dimensionally stabilized the
treated specimens become compared to untreated control specimens. In this research, it was
also assessed in normal way by measuring radial, tangential and volumetric swelling of treated
and untreated specimens.

Radial, tangential and volumetric swelling, ASE and swelling isotropy were presented
in Table 1 for B. ceiba and in Table 2 for B. insigne. With increasing WPG of melamine resin,
the swelling of treated specimens decreased in both species up to about 35-37% WPG, and then
increased or remained the same. Thus, the weight percent gain should not be over 40% in
treatment of these species with methylol melamine resin to enhance dimensional stability as
over this value the ASE did not increase.

Table 1: Solution uptake, weight percent gain, solid resin retention, radial, tangential and
volumetric shrinkage, anti-swelling efficiency and swelling anisotropy of Bombax
ceiba treated and untreated with N-methylol melamine resin (Standard deviations are
in parentheses.)

. Curing temperature 90°C
Properties Control
ML5% | ML10% | ML20% | ML40%

Solution uptake —kg/m?® 871(9) 883 (9) 902 (9) 965 (9) -
WPG - % 17(0.5) 35 (1.4) 55 (3.6) 138 (5) -
SRR — kg/m® 42 (0.6) 83 (0.7) 131(7.7) 327 (2) -
R!- % 2.1(0.3) 2.1(0.4) 2.2(0.2) 2.4(0.2) 3.2(0.3)
T - % 5.3(0.7) 5.3(0.7) 5.5(0.7) 5.4(0.7) 6.0(0.7)
V-9 7.3(1.0) 7.2(0.7) 7.6(0.9) 7.6(1.0) 9.3(0.4)
ASEL - % 42.1 43.5 37.7 33.7 -
Swelling anisotropy’ 2.5 2.6 2.4 2.3 1.9
Solution uptake—g/m? 876 (10) | 884(8) | 895(17) | 961 (13) -
WPG - % 15 (0.6) 32 (0.8) 49 (0.3) 125 (5) -
SRR — kg/m® 38 (0.7) 78 (0.6) 122 (6) 310 (4) -
R!- % 1.9(0.2) | 1.7(0.1) | 2.1(0.2) | 2.4(0.1) 3.2(0.3)
T - % 51(0.6) | 44(04) | 45(0.2) | 41(0.1) 6.0 (0.7)
Vi-% 7.1(0.7) | 6.2(0.5) | 6.8(0.3) | 6.7(0.3) 9.3(0.4)
ASE! - % 50.3 61.7 51.5 49.6 -
Swelling anisotropy* 2.6 2.6 2.1 1.7 1.9




ldata from the first saturation and oven-drying cycle; Replication = 10 per combination
(treated) and 20 (control); ML = melamine resin concentration, WPG = weight percent gain;
SRR = solid resin retention; R, T, V = radial, tangential and volumetric swelling from oven-
dry to fully swollen state; ASE = anti-swelling efficiency.

Table 2: Solution uptake, weight percent gain, solid resin retention, radial, tangential and
volumetric shrinkage, anti-swelling efficiency and swelling anisotropy of Bombax
insigne treated and untreated with N-methylol melamine resin (Standard deviations
are in parentheses.)

Properties Curing temperature 90°C Control®
ML5% ML10% | ML20% | ML40%

Solution uptake -kg/m? 752 (15) 758 (21) 787 (10) 836 (12) -
WPG - % 11(05) | 22(0.9) | 37(L7) 85 (2) -
SRR — kg/m® 39(11) | 77(23) | 124(6.6) | 298 (6) -
R!-% 37(0.4) | 3.4(02) | 33(02) | 3.3(0.3) | 42(0.4)
T!- % 6.2(0.6) | 58(0.2) | 56(0.2) | 6.4(0.6) | 7.1(0.5)
Vvi-9% 10.2(1.0) | 95(0.4) | 9.1(0.4) | 9.9(0.9) | 11.8(0.8)
ASE! - % 21.4 31.4 34.8 26.6 -
Swelling anisotropy* 1.7 1.7 1.7 1.9 1.7
Solution uptake —g/m? 836(12) 750(18) 747(17) 833(20) -
WPG - % 10(0.6) | 19(0.6) | 34(2.6) 79 (2) -
SRR — kg/m? 34(14) | 67(1.4) | 116(6.8) | 281(5) -
R -% 31(0.2) | 2.6(0.1) | 25(0.1) | 2.8(0.1) | 4.2(0.4)
T!-% 53(0.3) | 4.3(0.2) | 42(0.3) | 3.90.1) | 7.1(0.5)
Vi-% 88(05) | 7.1(02) | 6.8(04) | 6.9(0.3) | 11.8(0.8)
ASE! - % 40.7 59.4 61.4 59.2 -
Swelling anisotropy* 1.7 1.7 1.7 1.4 1.7

data from the first saturation and oven-drying cycle; Replication = 10 per combination
(treated) and 20 (control); ML = melamine resin concentration, WPG = weight percent gain;
SRR = solid resin retention; R, T, V = radial, tangential and volumetric swelling from oven-
dry to fully swollen state; ASE = anti-swelling efficiency.

These findings were comparable with the results of the test conducted by Miroy et al.
(1995) who pointed out that the dimensional stability appeared to be relatively independent on
the WPG in the range of 40-80%. The dimensional stability of southern yellow pine specimens
treated with melamine formaldehyde and melamine amine formaldehyde did not correspond
with WPG values (Pittman et al. 1994). Deka and Saikia (2000) treated Anthocepalus cadaba
Mig with 30% melamine formaldehyde and 68% ASE was achieved at 33-35% WPG. All the
literature data are comparable to the findings of this research. Norway spruce treated with
melamine formaldehyde improved the dimensional stability by 17.5% at 22.9% WPG (Deka et
al. 2007), which seemed to be less than the ASE achieved in this research. The low ASE
achieved in Norway spruce could be attributed to less infiltration of melamine resin into the
cell wall due to difficulty in its treatability. Deka et al. (2007) calculated the amount of resin
penetrated into the cell wall by ultraviolet microspectrophotometry (UMSP) to be 0.1% (v/v),
most resin being deposited in the cell lumina.



Higher curing temperature resulted in higher dimensional stability with the highest ASE
of 61-62% at WPG of 32-35%. It should be noteworthy that even at a low weight percent gain
of 15-20%, both species achieved 50-60% ASE (which was not much lower than ASE values
at 32-35 WPG) at 120°C curing temperature. As 90°C curing temperature was too low for
melamine resin to cure and cross-link with wood components, the ASE values were
correspondingly lower at that curing temperature.

In B. insigne, the swelling anisotropy remained the same at 1.7 before and after
treatment with melamine resin, indicating the reduction in radial and tangential swelling took
place in a specific ratio. In B. ceiba, the swelling anisotropy varied from 1.7 to 2.6.

Melamine treated specimens underwent steady loss of ASE due to water saturation and
oven-drying over 10 cycles as depicted in Fig. 1 and 2, raising question in the long-term
dimensional stability of melamine treated specimens. Deka and Saikia (2000), however,
reported the stability of ASE values over repeated wetting and drying cycles.

100 A 100
S 60 S 60 -
o 40 - 0w 40
T 20 N gt - < 20
0 I ‘l‘AII | | | | | | | O T T T T T T T |
12345678910 12345678910
Cycle Cycle
——90T5ML —B=90T 10 ML ——120T5 ML =B=120T10ML
90T 20 ML===90T 40 ML 120T20 ML==120T 40 ML

Figure 1: Stability of ASE of B. ceiba heartwood treated with N-methylol melamine resin in
10 leaching cycles: (A) specimens cured at 90°C and (B) specimens cured at 120°C
(ML = melamine concentration %)

Incomplete curing of melamine resin at 90°C was demonstrated by higher mass loss
due to leaching test conducted in accordance with EN 84 (Figure 3), which amounted as high
as to 19% in specimens treated with 40% melamine concentration. The mass loss encountered
by specimens cured at 120°C was kept as low as 2% due to complete curing of melamine resin.
Holmberg (1984) described the need for melamine resins for high curing temperatures, and
even with a very high amount of catalyst up to 25% of melamine resin, the curing temperature
about 100°C was necessary.
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Figure 2: Stability of ASE of B. insigne heartwood treated with N-methylol melamine resin in
10 leaching cycles of water saturation and oven-drying: (A) specimens cured at 90°C
and (B) specimens cured at 120°C (ML = melamine concentration %)
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Figure 3: Mass loss of melamine-treated and control specimens of B. ceiba and B. insigne
heartwood in EN 84 leaching test
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3.3 Equilibrium moisture content

The equilibrium moisture content established by treated and untreated heartwood
specimens with varying environments were presented in Tables 3 and 4 for B. ceiba and in
Tables 5 and 6 for B. insigne.

As expected, the equilibrium moisture contents of all treated and control specimens
increased with increasing relative humidity. The EMCs of control specimens from 30% RH to
95% RH increased from 4.7% to 22.6% for B. ceiba and from 5.2% to 22.9% for B. insigne.
Higher EMCs in B. insigne were attributable to its higher density.
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Figure 4: Moisture excluding efficiency (MEE) of B. ceiba (A) and B. insigne (B) heartwood
treated and untreated with N-methylol melamine resin under varying relative
humidity

Treatment with melamine caused a reduction in EMC (EMC!? in Tables 3 to .6) based
on the oven-dry weight after treatment, decreasing with increasing WPG. The reduction in
EMC, measured by the moisture excluding efficiency (MEE) remained almost the same under
varying environments for the lower temperature curing specimens; even at higher curing
temperature, the MEEs were similar to lower curing temperature at relative humidity < 90%
(Fig. 4). At 95% RH, the MEE became significantly pronounced, indicating the effectiveness
of melamine treatment in reduction of EMC in very humid environments.
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Table 3: Fiber saturation point, equilibrium moisture content, coefficient of swelling and
differential swelling coefficient of B. ceiba heartwood treated with N-methylol
melamine resin and cured at 90°C (Standard deviations are in parentheses.)

Curing temperature 90°C/WPG%

Properties 16 (1.4) 32 (2.1) 5133 1313 ool
FSPL- % 219(25)  186(27)  174(19)  131(L9)  283(28)
FSP? - % 220(2.8)  21.4(36)  228(46)  250(50)  28.3(2.8)
EMC! - %

3006RH 4501 4302 3901 3001  47(04)
5006RH 67(0.1)  63(02)  57(01) 4502  69(0.3)
650 RH 1050.2)  99(0.2)  93(0.1)  74(0.2)  11.3(0.4)
80% RH 1200.1)  11.000.3)  104(0.2)  83(0.2)  12.6(0.5)
950 RH 207(04)  19.0(03)  17.90.1)  152(02)  22.6(0.7)
EMC? - %
3006RH 47(01)  49(03)  49(02)  56(02)  47(04)
50% RH 70(02)  72(03)  71(02)  85(02)  6.9(0.3)
650 RH 11.0003)  11.4(04)  11503)  14005)  11.3(0.4)
80% RH 12502)  127(05)  129(04)  158(05)  12.6 (0.5)
950 RH 216(0.6)  21.8(0.9)  22.4(08)  288(1)  22.6(0.7)
. 0.013 0.011 0.014 0.020 0.012
(0.003) (0.003) (0.004) (0.004) (0.003)
o 0.033 0.030 0.029 0.032 0.031
(0.003) (0.003) (0.005) (0.004) (0.003)
o 0.090 0.081 0.108 0.187 0.081
(0.020) (0.022) (0.029) (0.036) (0.020)
o 0.224 0.218 0.227 0.303 0.195
(0.022) (0.019) (0.035) (0.042) (0.020)

Ycalculated on the basis of oven-dry weight of specimens after impregnation

2calculated on the basis of oven-dry weight of specimens before impregnation

FSP= fiber saturation point estimated by equation (10); EMC= equilibrium moisture content
measured from the test; R= radial; T= tangential; C= coefficient of swelling; D= differential
swelling coefficient

Table 4: Fiber saturation point, equilibrium moisture content, coefficient of swelling and
differential swelling coefficient of B. ceiba heartwood treated with N-methylol
melamine resin and cured at 120°C (Standard deviations are in parentheses.)

Curing temperature 120°C/WPG%

Properties 5 3) 31(1.5) 52(75) 1200124 control
FSP - % 19221)  157(13)  148(14)  113(0.7)  28.3(2.8)
FSP? - % 21.0(2.4)  19.9(18)  200(58)  249(57)  283(2.8)
EMC - %

30%RH 4.3(0.2) 4.2 (0.3) 3.8(0.2) 3.4(0.1) 4.7 (0.4)
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Curing temperature 120°C/WPG%

Properties 15(2.3) 31(1.5) 5275)  120(124)  control
50%RH 63(0.2)  58(03)  56(02)  50(01)  69(03)
65% RH 99(02)  95(04)  88(03)  81(0.2)  11.3(0.4)
80% RH 11.9003)  101(03)  96(03)  87(0.2)  12.6(0.5)
950 RH 183(06)  16.2(04)  149(04)  127(02)  22.6(0.7)

EMC? - %
3006RH 47(03)  53(04)  55(0.2)  75(05)  47(0.4)
50% RH 69(04)  74(04)  82(04)  112(06)  6.9(03)
650 RH 109(04)  12.1(06)  12.9(05)  182(08)  11.3(0.4)
80% RH 11.9006)  128(05)  140(0.6)  194(09)  12.6(0.5)
9506 RH 201(10)  205(06)  21.8(0.9)  285(14)  22.6(0.7)
. 0.009 0.011 0.014 0.022 0.012
R (0.005) (0.002) (0.003) (0.003) (0.003)
. 0.028 0.027 0.028 0.035 0.031
T (0.004) (0.002) (0.002) (0.004) (0.003)
5 0.071 0.096 0.122 0.207 0.081
R (0.037) (0.016) (0.023) (0.030) (0.020)
5 0.208 0.225 0.241 0.327 0.195
T (0.027) (0.020) (0.013) (0.029) (0.020)

Icalculated on the basis of oven-dry weight of specimens after impregnation
2calculated on the basis of oven-dry weight of specimens before impregnation

FSP = fiber saturation point estimated by equation (10); EMC = equilibrium moisture content
measured from the test; R= radial; T = tangential; C= coefficient of swelling; D= differential
swelling coefficient

Many papers reported on treatment with different formulation of melamine resin to
cause a minor reduction in EMC at relative humidity below 90% (Epmeier et al. 2007; Epmeier
et al. 2004; Krause et al. 2004), which agreed with the findings of this research. In fact, this
minor reduction in EMC accounted for the mere mass of melamine impregnated into wood
specimens. When EMC was measured based on the oven-dry weight of wood specimens before
impregnation with melamine, the EMC of melamine-treated specimens was almost the same
as that of untreated specimens established at varying relative humidity (EMC? in Tables 3 to
6). At a higher WPG of about 130% in B. ceiba, the EMC of treated specimens was even higher
than that of control specimens in every relative humidity environment. At 95% RH, the EMC
obtained by those specimens was as high as up to 28.8%, which was even higher than the
calculated FSP of the same specimens. Epmeier et al. (2007) found the increasing EMC with
increasing methylated melamine formaldehyde concentration. It might be explained by the
absorption of moisture by melamine deposited in the cell lumina. The deposition of melamine
resins was demonstrated by the UV-microspectrophotometry.

Table 5: Fiber saturation point, equilibrium moisture content, coefficient of swelling and
differential swelling coefficient of B. insigne heartwood treated with N-methylol
melamine resin and cured at 90°C (Standard deviations are in parentheses.)

Curing temperature 90°C/WPG

Properties Control
P 12 (0.8) 23 (1.1) 39 (2.3) 87 (3.7)

FSP! - % 23.6(1.1) 20.7(2.0) 18.6(1.5) 14.1(0.8) 29.2(2.5)

FSP? - % 24.3(1.2) 22.2(2.2) 21.3(1.6) 20.7(1.0) 29.2(2.5)

EMC! - %
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Curing temperature 90°C/WPG

) ti Control
FOPEMHES ™15 0.8) 23 (L.1) 39 (2.3) 87 (3.7) ontro
30%RH  50(02)  48(02)  44(0.2)  37(01) 5.2 (0.2)
500RH  6.8(02)  67(02)  64(02)  52(0.1) 75(0.2)
650 RH  10.7(03)  10.4(03)  9.8(02)  83(0.2) 11.9(0.2)
800 RH  12.1(03)  11.8(04)  11.1(03)  92(0.2) 13.1(0.2)
950 RH  20.7(04)  19.7004)  185(03)  16.2(0.3) 22.9(0.3)

EMC? - %
300RH 500020  54(02)  50(0.2)  54(0.1) 5.2 (0.2)
5006RH  7.0(03)  72(02)  73(02)  7.6(02) 75(0.2)
650 RH  11.003)  11.1(03)  11.2002)  121(0.2) 11.9(0.2)
800%RH  124(05)  127(04)  127(03)  135(0.2) 13.1(0.2)
050 RH  21.4(04)  21.204)  21.2003)  23.7(0.4) 22.9(0.3)

0.021 0.022 0.021 0.023

Cr (0.003) (0.002) (0.003) (0.003)  0023(0.003)
0.037 0.036 0.036 0.032

Cr (0.006) (0.005) (0.004) (0.004y  0037(0.003)
0.144 0.162 0.154 0.205

Dr (0.017) (0.016) (0.025) (0.028)  0145(0.015)
0.253 0.263 0.265 0.291

Dr (0.036) (0.036) (0.026) (0.035)  0234(0.020)

Icalculated on the basis of oven-dry weight of specimens after impregnation

2calculated on the basis of oven-dry weight of specimens before impregnation

FSP = fiber saturation point estimated by equation (10); EMC = equilibrium moisture content
measured from the test; R = radial; T= tangential; C= coefficient of swelling; D= differential
swelling coefficient

Table 6: Fiber saturation point, equilibrium moisture content, coefficient of swelling and
differential swelling coefficient of B. insigne heartwood treated with N-methylol
melamine resin and cured at 120°C (Standard deviations are in parentheses.)

Curing temperature 120°C/WPG
10(0.8) 21(0.9) 35(2.8) 80 (2.5)
FSP! - % 20.2(1.8) 15.1(0.7) 13.9(0.6) 10.1(0.7) 29.2(2.5)
FSE>2 - % 21.7(2.0) 17.7(0.9) 18.2(0.7) 17.9(1.3) 29.2(2.5)
EMC

Control

Properties

30%RH 5.0 (0.2) 4.6 (0.1) 4.1(0.2) 3.5(0.1) 5.2 (0.2)
50% RH 6.6 (0.2) 6.2 (0.2) 5.8 (0.2) 5.2 (0.1) 7.5(0.2)
65% RH 10.6(0.2) 9.5 (0.2) 9.0 (0.1) 8.1 (0.1) 11.9(0.2)
80% RH 11.4(0.2) 10.4(0.3) 9.7 (0.2) 8.7 (0.1) 13.1(0.2)
95% RH 18.7(0.2) 16.5(0.3) 15.1(0.2) 12.9(0.1) 22.90.3)
EMC
30%RH 5.4 (0.2) 5.4 (0.2) 5.4 (0.3) 6.2 (0.1) 5.2 (0.2)
50% RH 7.1(0.2) 7.3(0.2) 7.6 (0.3) 9.1 (0.1) 7.5(0.2)
65% RH 11.4(0.2) 11.1(0.2) 11.9(0.3) 14.3(0.3) 11.9(0.2)
80% RH 12.3(0.2) 12.3(0.3) 12.8(0.4) 15.3(0.3) 13.1(0.2)
95% RH 20.1(0.3) 19.3(0.3) 19.8(0.4) 22.7(0.4) 22.9(0.3)
ce 0.019 0.019 0.019 0.022 0.023

(0.003) (0.002) (0.002) (0.007) (0.003)
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Curing temperature 120°C/WPG

Properties  —70.8) 21(0.9) 35(2.8) g0 (25  control
c 0.031 0.030 0.031 0.033 0.037
T (0.004) (0.003) (0.003) (0.003) (0.003)
5 0.145 0.159 0.171 0.217 0.145
R (0.026) (0.017) (0.021) (0.070) (0.015)
5 0.239 0.258 0.278 0.325 0.234
T (0.027) (0.034) (0.027) (0.033) (0.020)

Ycalculated on the basis of oven-dry weight of specimens after impregnation

?calculated on the basis of oven-dry weight of specimens before impregnation

FSP = fiber saturation point estimated by equation (10); EMC = equilibrium moisture content
measured from the test; R = radial; T = tangential; C = coefficient of swelling; D = differential
swelling coefficient

3.4.  Fiber saturation point

Two kinds of fiber saturation point of treated and untreated specimens, calculated on
the basis of oven-dry weight before and after impregnation with melamine resin, were
presented in Tables 3 to 6. No matter by what method it has been calculated, melamine
treatment led to reduction in fiber saturation point, in contrast to EMCs at RH < 90%,
confirming the high resistance of melamine treated wood at moist environments (Conner 2001).
Krause et al. (2004) found a significant decrease in moisture content above 90% RH and close
to 100% RH.

3.5.  Coefficients of swelling and differential swelling coefficients

The coefficient of swelling is the amount of swelling taking place in a wood specimen
by 1% RH change in the RH range from 30% to 85% whereas the differential swelling
coefficient is the amount of swelling due to 1% MC change in the same range of relative
humidity. In the research these coefficients were measured for the RH range from 30% to 80%,
which were described in Tables 3 to 6, together with standard deviations in brackets. The
coefficients of treated and untreated specimens were almost the same, which could be linked
to the same moisture adsorption by both types of specimens in this range of relative humidity.

Table 7: Water diffusion coefficients and water repellence efficiency of B. ceiba wood treated
with melamine resin

Radial at WPG% Tangential at WPG%
properties 30.3 69.4 27.0 68.2
(1.9) (4.8) Control (5.3) (2.0) Control
Water diffusion coefficients (ka/m2/h°-5)
1 hour 16.25 2.96 25.50 1.97 0.13 22.3
8 hours 7.60 5.25 9.16 5.75 1.05 8.7
12hours 6.32 4,76 7.51 5.15 1.78 7.16
1 day 4.66 3.89 5.35 4.05 1.28 5.13
2 days 3.53 3.18 3.93 3.16 1.57 3.73
1week 1.86 1.80 2.23 1.87 1.92 2.15
2 Weeks 1.31 1.18 1.65 1.31 1.36 1.60
3 weeks 1.11 0.96 1.40 1.10 1.10 1.32
4 weeks 1.00 0.86 1.24 0.98 0.96 1.18
Average 4.8 2.8 6.4 2.8 1.24 5.9

Water repellence efficiency (%)
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Radial at WPG% Tangential at WPG%

properties 30.3 69.4 27.0 68.2
(1.9) (4.8) Control (5.3) (2.0) Control

1 hour 36.3 88.4 - 91.2 99.4 -

1 day 12.9 27.4 - 21.1 75.0 -

1 week 16.7 19.3 - 13.0 10.7 -

2 weeks 20.5 28.6 - 18.1 14.8 -

3 weeks 20.9 311 - 17.3 17.2 -

4 weeks 19.7 30.6 - 17.3 18.9 -
Average 21.2 37.6 29.7 39.3

Control = untreated specimens

Table 8: Water diffusion coefficients and water repellence efficiency of B. insigne wood
treated with melamine resin (Radial)

Radial at WPG%

properties 0.4(1.3) 147(1.8) 36.7(L1) 74.7(1.4) Control
Water diffusion coefficient (kg/m?/h%)
1 hour 0.144 0.098 0.075 0.079 0.302
8 hours 0.212 0.126 0.100 0.080 0.294
12 hours 0.209 0.129 0.106 0.080 0.315
1 day 0.209 0.133 0.115 0.085 0.342
2 days 0.217 0.146 0.122 0.085 0.379
1 week 0.242 0.187 0.134 0.094 0.432
2 weeks 0.265 0.214 0.131 0.091 0.364
3 weeks 0.265 0.227 0.142 0.100 0.320
4 weeks 0.226 0.203 0.133 0.096 0.272
Average 0.221 0.163 0.118 0.088 0.336
Water repellence efficiency (%)
1 hour 52.3 67.5 75.2 73.8
1 day 38.9 61.1 66.4 75.1 -
1 week 44.0 56.7 69.0 78.2 -
2 weeks 27.2 41.2 64.0 75.0 -
3 weeks 17,2 29.1 55.6 68.8 -
4 weeks 16.9 25.4 51.1 64.7 -
Average 35.9 46.8 63.6 72.6 -

Control = untreated specimens

3.6  Capillary water uptake

The water diffusion coefficients (Dw) and water repellency efficiency (WRE) of treated
and untreated specimens were described in Table 7 for B. ceiba and in Tables 8 and 9 for B.
insigne. In both species, water uptake by both control and treated specimens took place faster
in radial direction than in tangential direction due to rays with large lumina and thin cell wall
running along radial direction, which facilitated the diffusion of water.

Treatment with N-methylol melamine resin reduced the water diffusion coefficient in
both radial and tangential directions. With increasing WPG, the water uptake was reduced and
thus, the water repellency efficiency increased correspondingly. Water repellency efficiency
values as high as up to 88% in radial direction and up to 99% in tangential direction were



16

achieved in B. ceiba at WPG of 69%. Similarly, treated B. insigne specimens presented WRE
of 78% in radial direction and of 82% in tangential direction at WPG of 70-74%.

Generally, the water uptake decreased with time in both treated and untreated
specimens, thus the WRE also decreased accordingly. However, the control specimens reached
the maximum uptake first as shown in Fig. 5 and 6. B. ceiba control specimens absorbed water
so fast that they attained more than half of their maximum water uptake (kg/m?) within one
hour.

Table 9: Water diffusion coefficients and water repellence efficiency of B. insigne wood
treated with melamine resin (Tangential)

Tangential at WPG%

properties

10.7(15) 171(0.7) 36.4(0.8) 70.0(12.1) Control
Water diffusion coefficient (kg/m2/h%°)
1 hour 0.126 0.075 0.071 0.091 0.206
8 hours 0.121 0.099 0.057 0.065 0.201
12 hours 0.126 0.100 0.058 0.059 0.215
1 day 0.128 0.104 0.066 0.054 0.238
2 days 0.151 0.123 0.068 0.056 0.280
1 week 0.178 0.166 0.087 0.059 0.340
2 weeks 0.216 0.196 0.109 0.084 0.325
3 weeks 0.205 0.201 0.122 0.088 0.280
4 weeks 0.196 0.185 0.098 0.083 0.227
Average 0.161 0.139 0.082 0.071 0.257
Water repellence efficiency (%)
1 hour 38.8 63.6 65.5 55.8 -
1 day 46.2 56.3 72.3 77.3 -
1 week 47.6 51.2 74.4 82.6 -
2 weeks 335 39.7 66.5 74.1 -
3 weeks 26.8 28.2 56.4 68.6 -
4 weeks 13.7 18.5 56.8 63.4 -
Average 34.4 42.9 65.3 70.3 -

Control = untreated specimens

Treatment with melamine reduced the maximum tangential water uptake from 31.9
kg/m? to 26.8 kg/m? at WPG of 68% but prolonged the time to reach half the maximum water
uptake (13.4 kg/m?) from less than 1 hour to about 64 hours in B. ceiba (Fig. 6). The treatment
was more effective in B. insigne as the maximum tangential water uptake was reduced from
6.3 kg/m? to 2.8 kg/m?, but the time to reach half its maximum water uptake (1.4 kg/m?) was
prolonged from 121 hours to 225 hours when it attained a WPG of 36.4% (Fig. 5).

4. Conclusions

The effect of treatment of B. ceiba and B. insigne heartwood with melamine resin can
be summarized as follows:

e B. ceibaand B. insigne woods were easily treatable with water soluble melamine resins.
Their treatability was demonstrated by higher values of solution uptake, weight percent
gains and solid resin retention.
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The ASE increased with increasing WPGs of up to 35 to 40% in B. ceiba and B. insigne.
WPGs above 40% did not increase ASE but rather reduced it due to water uptake by
the lumen-deposited melamine, and hence subsequent swelling. Higher curing
temperature (120°C) resulted in higher ASE than lower curing temperature, indicating
the need for higher temperatures for melamine resin to cure and cross-link with the cell
wall constituents.

The EMC based on the oven-dry weight of specimens after impregnation with
melamine showed a minor reduction at RH <90%, but a significant reduction at 95%
RH. However, this small reduction in EMC should rather be attributed to the weight of
melamine resin as the EMC of treated and untreated specimens, when measured on the
basis of the oven-dry weight before impregnation, was the same at varying relative
humidity.

Fiber saturation point of treated specimens was reduced, no matter by what method it
was calculated - based on the oven-dry weight before or after modification, confirming
the higher water resistance of treated products in humid environments.

Capillary water uptake was significantly reduced by the treatment for short duration. In
the long run, B. insigne showed higher water repellency efficiency values than B. ceiba
even at lower WPGs.
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Figure 5: Water uptake of treated and untreated B. insigne heartwood in tangential (A) and
radial direction (B); Tan = tangential direction; Rad = Radial direction; 5, 10, 20,
and 40 = Specimens treated with 5%, 10%, 20% and 40% melamine solutions,
respectively.
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Figure 6: Water uptake of treated and untreated B. ceiba heartwood in tangential (A) and radial
direction (B); Tan = tangential direction; Rad = radial direction; 10 and 20 =
Specimens treated with 10% and 20% melamine solutions, respectively.
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