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Alkaline Treatment of Black Spruce Bark
for the Manufacture of Binderless
Fiberboard

Xinglian Geng, S. Y. Zhang, and James Deng
Forintek Canada Corp., Québec, Canada

Abstract: Black spruce bark from a lumber mill in eastern Canada was characterized
for its chemical composition and suitability for the manufacture of fiberboard. The high
holocellulose content and low lignin content indicated it contained a considerable
amount of wood fibers. The bark was treated with 1% NaOH solution, pre-heated
with steam, and subsequently steam-pressurized refined to produce fibers. The
untreated bark was also pre-heated and refined for comparison purposes. The fiber-
boards made from alkaline-treated bark showed lighter color, higher internal
bonding strength, higher modulus of rupture, and higher modulus of elasticity in com-
parison with the control panels. The thickness swelling of the panels made from treated
and untreated bark was comparable. Pre-heating before refining was an important stage
for the manufacture of binderless fiberboards from treated and untreated bark.

Keywords: Black spruce bark, alkaline treatment, pre-heating, refining, binderless,
fiberboard

INTRODUCTION

Bark from some species contains an appreciable amount of fibers although the
fibers are shorter and weaker than wood fibers. In addition, the bark produced
from a commercial debarking operation often contains substantial amounts of
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wood, especially in winter.!"! Therefore, wood bark is a potential fiber
resource. Bark has been used as wood furnish in the manufacture of particle-
board and fiberboard but adding bark to the particleboard or fiberboard affects
the appearance of the panels.’*~® These bark-containing panels are often used
as the core when surface appearance is important. Synthetic resins have been
used in all the studies mentioned earlier. As a replacement for phenol in
phenol-formaldehyde resin, tannin extracted from the barks of certain wood
species has been commercially used for the production of wood adhesives
since the 1970s.” =% The high content of tannins or phenolic components in
bark provides it with excellent adhesion properties for the manufacture of bin-
derless bark panels. Manufacturing bark panels without a synthetic resin has
been investigated at low (below 210°C) or high (250 to 300°C) temperature
by different research groups.!'°~'?! The studies indicate that, at temperatures
from 180 to 400°C, chemical degradation and polymerization of bark com-
ponents take place and the polymerization of phenolic components results
in a very strong adhesion between bark particles.!*!

Softwood bark was selected for the present research for its self-bonding
ability provided by its aromatic and lignin contents, which are higher than
in hardwood barks.!"¥ There are four groups of eastern softwood in Canada,
spruce, pine, fir, and cedar. Of these, spruce and balsam fir are the two most
important pulpwood species. Spruce bark has a higher content of extractives
than balsam fir bark!"! and black spruce bark has been selected for making
particleboard because it is widely used for lumber and paper production in
eastern Canada.'® A number of physical properties and the chemical compo-
sition of black spruce bark in eastern Canada are known,!'>! but these proper-
ties are representative of just the selected bark samples. Bark from the lumber
industry also contains a certain amount of wood and has not been character-
ized for its chemical composition and suitability for the manufacture of bin-
derless fiberboard.

Alkaline treatment of wood has been commercially used for producing
chemimechanical pulp.''®!'”! Alkaline treatment weakens the lignin bonds
between the cellulosic fibers and softens the fibers, thus producing less
damaged and more flexible fibers after refining. It is worthwhile to study
the effect of the resulting fibers on the development of fiberboard strength.
Tannin extracted from pine bark with 1% NaOH at 100°C for 30 min
(bark:liquor ratio of 1 g/5 mL) produced strong bonds to wood at 175°C.!
This result implies the possibility of using the alkaline bark extract as a
wood adhesive.

Steaming of wheat straw during the refining process improved the mech-
anical properties of the resulting medium density fiberboard.!"® Steam-press-
urized refining produced bulkier, longer, and coarser bark fibers. The resulting
fiberboard had a smoother surface, and higher bending and tensile strengths,
but lower internal bonding strength than the particleboards made from ham-
mermilled bark."*! The effect of pre-heating steam pressure in the refining
process was also investigated in this work.
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EXPERIMENTAL
Material

Black spruce bark was collected in summer from a lumber mill of Abitibi-
Consolidated Inc. at Saint-Fulgence in Quebec, Canada. Sawdust and other
contaminants were screened out, but the wood bundles were kept.

Chemical Analysis of the Bark

The bark was air-dried for two weeks and then ground in a Wiley mill fitted
with a 35-mesh (0.5-mm) screen. The milled material was further screened
with an 80-mesh sieve and the fraction retained on the 80-mesh sieve was
collected. The collected material was stored in an airtight container to
balance the moisture and used for chemical analysis.

TAPPI Test method T 264 cm-97""%! was used to prepare extractive-free
samples for determination of ash, lignin, and holocellulose contents. The
unextracted or original bark was used to determine 1% NaOH solubility and
hot-water solubility. Ash content, Klason lignin content, 1% NaOH solubility,
and hot-water solubility of the bark were determined according to TAPPI
Test Methods T 211 om-93,%" T 222 om-98,”"! T 212 om-98,**! and T
207 cm-99,*"  respectively. The holocellulose content was analyzed
according to TAPPI Useful Method 249.1*%

The pH value of the bark were determined with a procedure similar to that
described in a previous report.!**! In brief, the bark sample (25 g, oven-dried)
was refluxed in 250 mL of distilled water for 20 min and then filtered with
Whatman no.1 filter paper. The residue was washed with about 100 mL of
distilled water and the filtrate was diluted to 500 mL with distilled water.
The resulting solution was tested for the pH.

Chemical Pretreatment of the Bark

The air-dried bark was hammermilled and then screened to remove particles
smaller than 1.0 mm. The bark chips were soaked in 1% NaOH for 1 min,
drained for 10 min, and then stored overnight at room temperature before
refining.

Refining of the Bark

The treated and non-treated bark samples were pre-heated at 0.3 MPa or
0.75 MPa of steam pressure for 3 min in the cooking screw and then were
pressure refined at a refiner speed of 2500 rpm and about 200-250 kWh/t
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of refining energy at the MDF pilot plant of Forintek Canada Corp. in Quebec
City, Canada. The bark fibers were dried to a moisture content below 5%
(oven-dry fiber basis).

FTIR Spectroscopy

Treated and untreated refined bark fibers obtained from the higher pre-heating
pressure (0.75 MPa) were mixed with potassium bromide (KBr) (IR grade,
Fisher Sci. Nepean, Ontario, Canada) and the mixture was formed into
pellets with a Carver® Laboratory Press (Model 3912). FTIR (Fourier
Transform Infrared) spectra were acquired on a Magna-IR 760 spectrometer
(Nicolet Instrument Corp.). The OMNIC® software was used for data collec-
tion and analysis.

Characterization of Bark Fiber with Differential Scanning
Calorimetry (DSC)

Calorimetric measurements were obtained on a DSC-2910 (TA Instruments,
Inc, New Castle, DE). The DSC cell was pressurized to 4.1 MPa with
nitrogen gas. The calorimeter was calibrated against indium (m.p. 156.6°C,
AH =28.457/g) at 10°C/min. The upper temperature limit was set at
250°C. The bark fiber samples (about 5 mg each) were weighed into a
standard aluminum pan with a lid closure. An empty aluminum pan with
the lid was used as a reference. Each sample was subjected to two measure-
ments. For the first run, thermograms were recorded at a heating rate of
10°C/min between 40 to 250°C. For the second run, the sample at the end
of the first run was cooled down to 40°C at an approximate rate of 6°C/min
and the thermograms were recorded again at a heating rate of 10°C/min
between 40 to 250°C. The Universal Analysis V2.6D software supplied by
TA Instruments, Inc. (TA Instruments, Inc, New Castle, DE) was used to
plot and analyze the thermal data. The DSC spectra have been normalized
to represent 1 gram of sample. Only the bark fibers obtained from the
higher pre-heating pressure (0.75 MPa) and refining process were analyzed.

Manufacture of Fiberboard Panels

Fiber mats were hand formed and pressed with a Diffenbacher press at 210°C
for 6 min including de-gassing into 610 mm x 610 mm x 8.0 mm panels
with a target density of 1200 kg/m3. The closing time was controlled at
about 60 s. Two panels under each condition were made.
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Panel Property Evaluation

The panels were conditioned at 65 + 1% relative humidity and 20 + 3°C for
two weeks. Two thickness swelling (TS) specimens (150 mm x 150 mm), 12
internal bonding (IB) specimens (50 mm x 50 mm) at the centers of panels,
and 3 bending specimens (75 mm x 242 mm) at perpendicular positions for
modulus of rupture (MOR) and modulus of elasticity (MOE) were cut from
each panel and all properties were evaluated in accordance with ASTM D
1037-99.1%°! The panel color was measured with a BYK-Gardner GmbH
color-guide 45/0 colorimeter (Geretsried, Germany), where L* describes
the lightness and a* and b* describe the chromatic coordinates on the green-
red and blue-yellow axes, respectively.

RESULTS AND DISCUSSION
Characteristics of Black Spruce Bark

The ash content of the bark (see Table 1) was similar to that reported by Chang
and Mitchell.*”! The lignin content of the bark, 31.6%, was much lower than
reported by Harun and Labosky, which ranged from 40 to 55%.*® The holo-
cellulose content of the extractive-free bark, 50%, was high. In general, bark
holocellulose contents range between 35 to 45%.1% The hot water solubility
of the unextracted bark was 26.8%; the 1% NaOH solubility was 57.1%. The
bark produced in commercial debarking processes often contains substantial
amounts of wood, which contains less lignin and extractives and more
cellulose than the bark itself. The length and strength of wood fibers could
contribute to the strength development of fiberboards, in particular, by posi-
tively influencing bending strength and stiffness. Hot water extractives of
bark contain tannins, glycosides, and some carbohydrates. The 1% NaOH
extractives also contain polyphenolic materials. These extractable com-
ponents tend to change their structure during pre-heating, refining, and

hot-pressing processes and, therefore, affect fiberboard properties.'>!
Table 1. Characteristics of the black spruce bark
Ash content of extractive-free bark, % 2.3
Klason lignin content of extractive-free bark, % 31.6
Holocellulose content of extractive-free bark, % 50.5
Hot water solubility of unextracted bark, % 26.8
1% NaOH solubility of unextracted bark, % 57.1

pH 4.99
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Chemical Consequences of Alkaline Treatment

The moisture content of non-treated bark was 26%, and that of treated bark
was 199%. That is to say, the bark absorbed 1.73 kg NaOH solution per kg
of oven-dry bark after a 1 min-soaking treatment. Because this alkaline
solution was 1% NaOH, treating 100 kg of bark should consume 1.74 kg of
solid NaOH. The alkaline solution changed color to dark brown after the
bark was soaked in it, but the amount of bark lost was not tested after the
chemical treatment.

FTIR spectra of treated and untreated bark fibers are shown in Figure 1.
Alkaline treatment resulted in a new shoulder at 947 cm™ ' and this band
may be assigned to the C-O stretching vibration in cellulose and hemicellu-
lose.”” A previous report indicated that alkaline treatment activates car-
boxylic acid groups of hemicellulose.”!! The band near 1288 cm™', which
is assigned to C-O stretching vibration in phenolic ethers in lignin,
decreased in intensity upon alkaline treatment. The band near 1625 cm ™'
which is due to H-O-H deformation of adsorbed water and C-O stretching
in lignin was also more apparent before alkaline treatment. The shoulder
observed near 1747 cm™ ' is primarily due to the C=O stretching vibration
of the acetyl and carboxyl groups in hemicellulose and its intensity was
decreased by the treatment. This observation is consistent with a previous

Univeated fiber

Absorbance

.

e

Treated fiher

500 1000 1500 2000 2500 3000 3500 4000

wavelength (cm’l)

Figure 1. FTIR spectra of treated and untreated bark fibers.
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report that deacetylation of wood is one of the main reactions during alkaline
treatment.!'”! Alkaline treatment greatly weakened the band intensity in the
region of 3350 cm™ ', which is assigned to the stretching vibration of O-H
groups involved in structures such as cellulose, hemicellulose, pectin, and
lignin. New peaks, such as those at 3624 cm™!' and 3708 cm !, were
observed after alkaline treatment.

As shown in Figures 2 and 3, big heat release peaks at about 186°C and
189°C were observed in DSC spectra of treated and untreated fibers, respect-
ively. These results indicate that extensive exothermic reactions occurred at
these temperatures. The peaks of the fiber samples disappeared when the
samples were run a second time. Some of the bark components start to be
degraded when temperatures are greater than 200°C. Chemical polymerization
of phenolic extractives and degradation might occur simultaneously at high
temperature.''! The lack of peaks generated by the second DSC run
suggests that the exothermic reaction observed in the first run was chemical
bonding and that condensation was complete. The peak generated from
untreated bark was slightly different from that of treated bark because the
chemical nature of the bark had been changed by alkaline treatment.

Effect of Pre-heating Pressure on Fiber Properties

The treated and untreated bark samples were both pre-heated at lower
(0.3 MPa) and higher (0.75 MPa) steam pressures, but they were refined at
the same refiner speed and refining energy. The resultant fibers were hot-
pressed at the same conditions to make fiberboards. The fibers from raw
materials (both treated and non-treated bark) preheated at the lower steam
pressure could not be effectively self-bonded and the resulting panels were
too weak to test their properties. Obviously, at the same pre-heating time

1.6
1.4
1.2 1
1-
0.8
0.6
0.4 7
0.2

Heat flow (W/g)

0
50 100 150 200 250
Temperature (degree C}

Figure 2. DSC spectra of untreated bark fibers (1st test: solid line, 2nd test: dotted
line).
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Figure 3. DSC spectra of alkaline treated bark fibers (1st test: solid line, 2nd test:
dotted line).

(3 min), the treatment temperature significantly affected the fiber properties,
and further affected the panel properties. Previous research found that steam
treatment of Pinus radiata bark at 150-245°C for 3 min not only
condensed tannins and formed less extractable polymers, but produced
furfurals and hydroxymethyl furfural by hydrolysis of hemicellulose.*!
Similarly, in the present research, cooking black spruce bark for 3 min in
the cooking screw should hydrolyze hemicellulose, release and condense
extractives like tannins, and also modify fiber properties. The condensed poly-
phenolics and hydrolyzed hemicellulose remained during refining and then
precipitated on the fiber after drying. These chemicals act as binders when
the fiberboards are hot-pressed.”**! Furfural produced by partial hydrolysis
of hemicellulose reacts in the hot-pressing process with phenolic substance
from lignin to form condensed products similar to PF resins.!**! The higher
the pre-heating pressure (higher temperature), the more severe these
reactions, thus the stronger the resultant binding. For both treated and non-
treated bark, higher pre-heating pressure chemically and physically
modified the fibers and better fiberboards were produced. The pre-heating
stage strongly influenced the fiberboard properties.

Effect of Alkaline Treatment on Fiberboard Mechanical Properties

Alkaline-treated bark was refined after 3-min pre-heating at 0.75 MPa of
steam pressure and the resulting fiberboard had as high as 1.97 MPa of IB
strength (Table 2). Untreated bark was pre-heated and refined at the same con-
ditions, but the resulting fiberboard pressed at the same parameters had only
0.49 MPa of IB strength. Earlier reports indicated that bark particles can be
formed into a board without the addition of synthetic resin at 200°C, but that
a long pressing time (40—80 min) was required.'"® Bark particleboard could
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Table 2. Properties of fiberboard made from treated and non-treated bark fibers

Panel color 1B MOR MOE TS

L* a* b* MPa MPa MPa %

Untreated bark 29.72 6.63 12.20 0.49 10.8 1643 29.8
Treated bark 40.16 4.95 15.19 1.97 17.2 3255 28.6

be made in 5 to 10 min, but the press temperature had to be at 250 to 300°C.!'!
In this work, fiberboards were manufactured from treated and untreated bark at
210°C and only 6 min of pressing. Bonding mechanisms of binderless fiber-
board are hypothesized to be thermoplastic flow, physical consolidation, and
chemical bonding. Studies on binderless larch bark board found that the
polymerization of phenolic extractives in the bark played an important role
in IB when the board was pressed for a short time at temperatures above
250°C.""? There were more leached-out and condensed polyphenols and hydro-
lyzed hemicellulose on the surface of alkaline-treated bark than on that of
untreated samples. On the other hand, alkali treatment of bark was directly
related to the swelling level of fibers and more entire and flexible fibers were
obtained from the swollen raw materials by subsequent refining.!'’>*3! The
inter-fiber bonding area was increased by alkaline treatment.

Bark soaked in alkaline solution, pre-heated at 0.75 MPa of steam
pressure and subsequently refined had a much higher panel MOR than did
untreated bark (Table 2). Increased IB by alkaline treatment contributed to
this bending strength. It has been demonstrated that alkaline treatment of
hardwood strongly modifies fiber properties and improves fiber length and
strength.®>! Alkaline treatment of bark followed by refining resulted in
longer and stronger fibers and therefore significantly improved panel MOR.

Fiberboard made from untreated bark had a MOE of 1643 MPa, but the
MOE of fiberboard made from alkaline-treated bark was 3255 MPa
(Table 2). The elastic modulus of natural wood fiber is about 10 GPa, but
elastic moduli of cellulose fibers obtained from wood fiber by chemical
pulping processes are up to 40 GPa.*®! Alkaline treatment weakens the
lignin bonds between the cellulosic fibers and partially hydrolyzed hemicellu-
lose, so fibers are less damaged in subsequent refining processes. The treated
fibers, which lower in hemicellulose content, had higher MOE and therefore
resulted in higher MOE of fiberboards.

Effect of Alkaline Treatment on Fiberboard Thickness Swelling

Bark panels made from treated and untreated bark showed very similar TS
values (Table 2), which were in the range of 28—30%. It has been demon-
strated that deacetylation of wood and generation of carboxylic acid groups
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are the two principal chemical reactions during a mild alkaline
treatment."'7*3>! Both of these reactions result in an increase in hydroxyl
groups. These hydroxyl groups might react with other chemicals, such as
furfural from hydrolyzed hemicellulose, to develop the internal bonding.
Compared to the negative effect on TS from hydroxyl groups, the positive
effect from the increased IB might be stronger, so no significant difference
in TS with and without alkaline treatment was observed.

Effect of Alkaline Treatment on Fiberboard Color

The panel color of treated bark was much lighter than that of untreated bark
(Table 2). It was also observed that treated bark fiber had a lighter color
than untreated bark fiber. The color is due to phenolic components, and con-
densation reactions between them led to color reduction.”® Alkaline
treatment brought more moisture to the bark and leached out more polyphe-
nols at the same pre-heating condition. These components which leached
out from bark started to polymerize during the refining process and this
polymerization led to a color reduction of the fibers. Polymerization of
polyphenols and lignin during the hot-pressing process further decreased the
fiberboard color.

CONCLUSIONS

Black spruce bark residue from a lumber mill contained a certain amount of
wood and was a suitable fiber resource for fiberboard. The high content of
alkaline extractives of the bark itself provided high self-bonding ability.
Pre-heating treatment of the bark at a higher steam pressure was required
for development of both fiber properties and self-adhesion. Alkaline
treatment of bark before pre-heating decreased the color of both the fibers
and the resulting fiberboard and greatly improved fiberboard mechanical
strength and stiffness, but did not have significant effects on dimensional
stability. Additional experiments are necessary to optimize the alkaline
treatment, preheating, refining, and hot-pressing conditions for the develop-
ment of self-bonding performance.
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