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of Wood Composites during Bake-out™
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ABSTRACT

Wood composites are a hygroscopic material and have ability to exchange its moisture content with air.
This study investigated the formaldehyde emission and moisture content change of four wood composites
(particleboard (PB), medium density fiberboard (MDF), high density fiberboard (HDF), laminated HDF
(L-HDF)) as a function of bake-out temperature and time. The composites were baked out for 1, 3, 5,
7, 10, 14, 21, and 28 days at temperatures of 20 + 2, 35 + 2, and 50 + 2°C in a dry oven. The moisture
content change was used to determine the emission bake-out of the composites. Best bake-out time results
were obtained with after 7 days all composites. Formaldehyde emission values of composites decreased
with decreasing moisture content for both temperatures. The formaldehyde emission results of bake-out
temperature 35 and 50°C showed a similar tendency.
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should be studied.

Wood-based panels, such as particleboard
(PB), medium density fiberboard (MDF) and
veneer, are used widely in the manufacture of
furniture, flooring, housing and other industrial
products. However, wood-based panels bonded
with urea-formaldehyde (UF) resin emit form-

1. INTRODUCTION

Building materials play an important role in
determining the indoor air quality owing to their
large surface areas and permanent exposure to
indoor air. Building materials can release wide
range of pollutants, particularly the volatile or-

ganic compounds (VOCs), which can cause in-
door air related health problems. Since building
materials are important sources of VOCs in in-
door environments, their emission characteristics

aldehyde, which is toxic and is associated with
possible health hazards, such as irritation of the
eyes and the upper respiratory tract[1-3].

The formaldehyde emission rate of wood
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composites bounded with UF resins is a strong
function of temperature, humidity, and form-
aldehyde vapor concentration in the atmosphere
surrounding the board[4,5]. Increased form-
aldehyde emission rates at elevated temperature
and humidity levels are consistent with the an-
ticipated chemical kinetics of a resin hydrolysis
mechanism[6,7]. Increases in formaldehyde va-
por concentration with increased product load-
ing and / or decreased ventilation generally sup-
press the formaldehyde emission rate of wood
composites. This is consistent with a physical dif-
fusion mechanism whose driving force is the dif-
ference in formaldehyde concentration between
the board and surrounding vapor phases[8].

Previous studies have investigated the effect
of bake-out. Offerman et al.[9] reported that the
VOC concentration immediately reduced after
the bake-out in an office building with air heat-
ing system but subsequently rebounded to the
level before the bake-out. They hypothesized
that the bake-out only affects surface materials,
and does not affect the primary sources that are
separated from direct contact with indoor air,
such as paints, caulks, and adhesives. In addi-
tion they hypothesized that after the bake-out,
cleaned surface materials can act as an indoor
sink until primary sources re-contaminate the
surfaces. To confirm the effect of the bake-out,
all of the previous researchers have suggested
that further studies are required[9-11].

In the building field, there has been consid-
erable research into methods to reduce TVOCs
(total volatile organic compounds), such as ven-
tilation equipment, the application eco-friendly
materials and bake-out treatments. ‘Bake-out’
has been used to reduce the emissions of VOCs
from newly installed materials, products and

furnishings. This procedure is normally used to
prevent building-associated illnesses caused by
the out-gassing of VOCs and formaldehyde
from residual solvents in new building materials
and furnishings. In this procedure, the air tem-
perature in an unoccupied but fully furnished
building is elevated while some ventilation is
maintained[11-13]. The principle of this process
is to drive the VOCs out of the construction
materials by increasing the temperature in the
building to 32~40°C, while increasing the out-
door air exchange so that hazardous gases are
emitted from the building. The procedure gen-
erally takes several days to 2 weeks, and is per-
formed prior to occupancy. According to the re-
sults of a few pilot studies, a 60~94% decrease
in the total VOC levels was achieved using a
bake-out treatment[14].

Wood is a hygroscopic material and ex-
changes its moisture content with air; the amo-
unt and direction of the exchange (gain or loss)
depend on the relative humidity and temperature
of the air and the current amount of water in
the wood. This moisture relationship has an im-
portant influence on wood properties and per-
formance[4,7,8].

Because the moisture content of wood com-
posites affects the formaldehyde release of final
products, the objective of this study was to in-
vestigate the influence of moisture content
change of composites on formaldehyde emission
during bake-out.

2. MATERIALS and METHOD

2.1. Materials

After investigation of product information
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Fig. 1. Schemes of the measurement process of moisture content and formaldehyde emission from wood

composites.

and the use of pressed wood products indoors,
four different composite wood products were
selected; PB, MDF, HDF, and L-HDF.

PB: The PB product is a combination of fine
wood vparticles and UF-resin pressed into
panels. The thickness was 15 mm, specific
gravity was 0.63, and moisture content was
9.04%. PB is suitable for interior use in a wide
variety of furniture and joinery assemblies and
particularly as shelving, in cupboards, ward-
robes and wall units.

MDF: UF resin is used to bond the wood
fiber. The thickness was
gravity was 0.61, and moisture content was

15 mm, specific

7.51%. Fiberboard is commonly used as deco-
rative panelling, and has further decorative uses
in furniture and structural uses in joinery.

HDF: UF resin is used to bond the wood
fiber. The thickness was 8 mm, specific gravity
was 1.0, and moisture content was 7.26%. HDF
is used as flooring.

L-HDF: HDF is decoratively surfaced on both
sides with low-pressure, melamine-impregnated
paper. The thickness was 8 mm, specific gravity
was 1.11, and moisture content was 5.88%.

2.2. Methods
2.2.1. Bake-out Procedure

The composites were formaldehyde emission

tested before, during, and after the bake-out.
The composites were baked out for 1, 3, 5, 7,
10, 14, 21, and 28 days at temperatures of 20 +
2,35 £ 2, and 50 £ 2°C in a dry oven. After
bake-out processing, the specimens were con-
ditioned for 2 weeks at 20 + 2°C and 50 + 3%
relative humidity. After the bake-out, the speci-
mens were measured for moisture content. Then
the formaldehyde emission was tested by desic-
cator method. After formaldehyde emission test,
the specimens were measured for moisture
content.

2.2.2. Determination of Formaldehyde
Emission (Desiccator method,
JIS A 1460)

Emission of formaldehyde is determined by
placing test pieces of known surface area in a
desiccator at a controlled temperature and mea-
suring the quantity of emitted formaldehyde
absorbed in a specified volume of water during
24 h[15].

The interior volume of the desiccator was
about 10 ¢ and 5 x 15 cm specimens were used
for each desiccator test. The specimens were cut
from the sample panel of panel segments to
obtain adequate representation of area within
the panel or panel segment. The sample total
surface area was 1,800 cm’. The released
formaldehyde was caught in the distilled water
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Fig. 2. Formaldehyde emission and moisture content
change for PB under bake-out (a : bake-out
temperature 35°C, b : bake-out temperature
50°C).

which was analyzed using a UV spectro-
photometer, after treatment with acetyl acetone
and acetyl acid ammonium. After the form-
aldehyde emission test, the specimens were
measured for moisture content (Fig. 1).

3. RESULTS and DISCUSSION

The formaldehyde emission and moisture
content change for PB under bake-out is shown
in Fig. 2. The initial formaldehyde emission of
PB was 2.7 mg/{, which rapidly decreased over
the bake-out time. After 5 days it stabilized at
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Fig. 3. Formaldehyde emission and moisture content
change for MDF under bake-out (a : bake-out
temperature 35°C, b : bake-out temperature
50°C).

1.7 mg/¢. At 28 days emission was about 6-fold
lower at bake-out temperature 35°C. The
formaldehyde emission results of bake-out
temperature 35 and 50°C showed a similar ten-
dency. And Fig. 2 shows the change in moisture
contents at different bake-out temperatures and
after desiccators test, respectively. The moisture
contents change two matching factors were
tested. The first one was calculated from the
relation between water desorption as determined
by bake-out temperature and time. The moisture
content change rate so calculated was -2.41~
-3.86%. The second matching factors were
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Fig. 4. Formaldehyde emission and moisture content
change for HDF under bake-out (a : bake-out
temperature 35°C, b : bake-out temperature
50°C).

calculated from the water adsorption in
desiccators, which formaldehyde emission test
method, for 24 h. The moisture content change
rate range so calculated was from 0.79 to
1.45%. In bake-out temperature 50°C, moisture
desorption rate was -4.53 ~5.89%.

The initial formaldehyde emission of MDF
was only slightly affected by bake-out tem-
perature. After 10 days, the formaldehyde
emission was rapidly decreased in Fig. 3. On
the contrary, the initial formaldehyde emission
of MDF was 3.08 mg/¢, which decreased over
the bake-out time. After 10 days, the form
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Fig. 5. Formaldehyde emission and moisture content
change for L-HDF under bake-out (a : bake-
out temperature 35°C, b : bake-out temper-
ature 50°C).

aldehyde emission was rapidly decreased. At 28
days emission was about 1.75 and 1.52 mg/{ at
bake-out temperature 35 and 50°C, respec-
tively. The formaldehyde emission results of
bake-out temperature 35 and 50°C showed a
similar tendency.

Figs. 2 and 3 show the formaldehyde emis-
sion for the PB and MDF, respectively, as the
samples decreased in moisture content due to
desorption of water vapor. The moisture content
change of the PB and MDF samples was less
than 0.4% per day after the first day and 21
days, respectively. After 7 and 21 days the
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Table 1. Results of moisture content change and formaldehyde emission

Bake-out temperature (35°C) Bake-out temperature (50°C)
Moisture content change (%)  Formaldehyde  Moisture content change (%) Formaldehyde
Bake-out  After After €mission  Bake-out  After After emission

day  bake-out emission test  (mg/L) day  bake-out emission test (mg/L)

control 0 0 2.78 0 0 0 2.78

1 -241 0.8 2.16 I -4.63 1.06 2.1

3 -2.75 1.1 1.91 3 -4.53 1.08 1.81

5 -2.88 0.79 1.87 5 -4.69 0.81 1.7

PB 7 -2.95 0.89 1.7 7 -4.89 0.91 1.64
10 -3.2 0.99 1.61 10 -5.5 1.05 1.58

14 -3.18 1.45 1.59 14 -5.64 0.98 1.49

21 3.2 0.96 1.55 21 -5.71 0.81 1.38

28 -3.86 0.98 0.61 28 -5.89 0.92 0.59

0 0 0 3.08 0 0 0 3.08

1 -2 0.78 2.95 1 -3.57 0.9 291

3 -2.24 0.86 2.81 3 -4.01 1.15 2.69

5 -2.28 0.89 2.64 5 -4.18 0.88 2.57

MDF 7 -2.39 0.81 2.61 7 -4.29 0.78 2.51
10 -2.53 0.86 2.58 10 -4.28 0.86 247

14 -2.98 0.95 22 14 -4.69 0.89 2.15

21 -3.15 0.84 1.95 21 -4.85 0.75 1.81

28 -3.35 0.93 1.75 28 -4.81 0.91 1.52

0 0 0 0.98 0 0 0 0.98

1 -1.46 0.79 0.91 1 -3.25 1.02 0.76

3 -1.76 0.96 0.58 3 -3.75 1.11 0.5

5 -1.78 0.95 0.42 5 -3.88 1.14 0.39

HDF 7 -1.9 I.11 0.39 7 -3.95 1.18 0.31
10 -2.18 0.97 0.38 10 -4.19 1.19 0.29

14 =227 1.06 0.33 14 -4.29 0.99 0.25

21 -2.28 0.95 0.29 21 -4.31 0.94 0.21

28 -2.87 0.94 0.25 28 -4.51 0.98 0.19

0 0 0 0.97 0 0 0 0.97

1 -1.46 0.79 0.91 1 -3.25 1.02 0.76

3 -1.76 0.86 0.58 3 -3.75 1.11 0.5

5 -1.78 0.95 0.42 5 -3.88 1.14 0.39

L-HDF 7 -1.9 0.99 0.39 T -3.95 1.18 0.31
10 -2.18 0.97 0.38 10 -4.39 1.19 0.29

14 -2.17 1.06 0.33 14 -4.39 1.21 0.25

21 -2.18 0.95 0.29 21 -4.44 0.94 0.21

28 -2.27 0.94 0.25 28 -4.51 0.98 0.19

- 106 —



Formaldehyde Emissions and Moisture Content Change of Wood Composites during Bake-out

overall formaldehyde emission from PB can be
described using a straight line with a release
rate (slope). When observed for several days,
the bake-out time in dry oven at approximately
equilibrium condition appears to have no major
effect on the release rate from PB. The form-
aldehyde emission from the MDF was for the
first day 2.95 and 2.91 mg/{ (control MDF was
3.08 mg/?).

Fig. 4 shows the formaldehyde emission and
moisture content change for the HDF, respec-
tively. A low formaldehyde emission was ob-
served from HDF at 20°C. The increase of tem-
perature up to 30 and 50°C caused a slight de-
crease in the formaldehyde emission, which sta-
bled after 7 days. Fig. 5 shows the form-
aldehyde emission of L-HDF. After 14 days at
35°C, the emission was reduced by 28% com-
pared to that 20°C. After 14 days at 50°C, the
emission was decreased by 58% compared to
that at 20°C.

The moisture content change of the HDF and
L-HDF samples was less than 0.3% per day af-
ter the first day and 21 days, respectively. After
7 days the overall formaldehyde emission from
HDF and L-HDF can be described using a
straight line with a release rate.

The effect could be expected from a bake-out
in relation to the PB. The relatively large de-
crease of the emission from 20 to 35°C was re-
markable, as was the strong increase from 35 to
50°C. After the bake-out at 50°C 28 days, the
formaldehyde concentration decreased by 78.8,
60.4, 80.6, 78.5% of the concentration before
the bake-out for PB, MDF, HDF and L-HDF,
respectively. On one hand, even under the mild
conditions of this bake-out, the formaldehyde
concentrations were 78.1, 39.4, 74.5, 77.2%

lower after the bake-out for PB, MDF, HDF
and L-HDF, respectively. According to the re-
sults of a few pilot studies, bake-out achieved a
decrease of 60~94% in total VOC levels[12,
14].

Table 1 shows the moisture content change,
after bake-out and formaldehyde emission test
for PB. During bake-out, the moisture content
in PB was reduced because the water turned in-
to vapor. During formaldehyde emission testing,
the composite adsorbed water, thereby raising
the moisture content. As temperature and time
were increased during bake-out, the moisture
content decreased. The formaldehyde emission
showed decreasing result.

Even 4 weeks after a moisture content
change, the desorption-sorption did not always
become constant or even reach the same value
after each cycle. Moreover, upon changing
moisture content there may have been an initial
sharp change in emission in the opposite direc-
tion from the eventual change, as seen for PB
upon changing 1%. These transient changes are
postulated to be caused by water vapor carrying
the formaldehyde with it as it leaves or enters
the board under the driving force of a moisture
content change.

The importance to formaldehyde emission of
the moisture in the wood (with its strong attrac-
tion to the polar hydroxyl groups of wood sub-
stance as well as its affinity for water) is clearly
indicated by measurements of bake-out. As low
moisture contents were attained during bake-out,
there may be a permanent loss of the available
polar hydroxyl groups.

Removing the last bound water from the
wood fiber or particle cell wall substance brings
the hydroxyl groups of the cellulose chains
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close enough together to form a strong, mu-
tually satisfying intra molecular bond[16]. This
can be seen in the hysteresis effect on moisture
sorption and desorption from the atmosphere. In
a desorption-sorption cycle, wood equilibrates at
a higher moisture content during desorption
than during subsequent sorption at the same
temperature and relative humidity.

After bake-out processing, the specimen was
condition for 2 weeks at 20 £ 2°C and 50 + 3%
relative humidity. The amount of water ad-
sorbed from a dry condition to equilibrium with
the condition of relative humidity is always less
than the amount retained in the process of dry-
ing from a wetter condition to equilibrium with
that same relative humidity. The ratio of ad-
sorption equilibrium moisture content to de-
sorption equilibrium moisture content is con-
stant at about 0.85. Furthermore, equilibrium
moisture content in the initial desorption (that
is, from the original green condition of the tree)
is always greater than in any subsequent
desorptions.

Formaldehyde emission from composites in
service is caused by residual formaldehyde pres-
ent in the UF resin bonded boards trapped as
gas in the structure as well as dissolved in the
water in boards. Hydrolysis of weakly bound
formaldehyde from N-methylol groups, acetals
and hemiacetals and hydrolysis of methylene
ether bridges in more severe cases, also increase
the content of emittable formaldehyde[17]. The
methylol groups are easily split. In the presence
of moisture, UF resin is slightly hydrolysed and
the hydrolysis is enhanced under elevated tem-
peratures[18].

4. CONCLUSIONS

This study investigated the formaldehyde
emission and moisture content change of wood
composites as a function of bake-out temper-
ature and time. Best bake-out time results were
obtained with after 7 days all composites.
Formaldehyde emission values of composites
decreased with decreasing moisture content for
both temperatures. The formaldehyde emission
results of bake-out temperature 35 and 50°C
showed a similar tendency. Formaldehyde emis-
sion from composites in service is caused by re-
sidual formaldehyde present in the UF resin
bonded boards trapped as gas in the structure as
well as dissolved in the water in boards.
Decreasing moisture content of composites
about 6% significantly decreased formaldehyde
emission.
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