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Effects of Thermomechanical Refining on Douglas fir Wood

Mohammad Tasooji

Abstract (academic)

Medium density fiberboard (MDF) production uses thermomechanically refined fiber
processed under shear with high pressure steam. The industry evaluates fiber quality with
visual and tactile inspection, emphasizing fiber dimensions, morphology, and bulk density.
Considering wood reactivity, the hypothesis is that a variety of chemical and physical changes
must occur that are not apparent in visual/tactile inspection. An industry/university
cooperation, this work studies effects of refining energy (adjusted by refiner-plate gap) on fiber:
size, porosity, surface area, surface and bulk chemistry, fiber crystallinity and rheology, and
fiber interaction with amino resins. The intention is to reveal novel aspects of fiber quality that

might impact MDF properties or process control efficiency, specific to a single industrial facility.

In cooperation with a North American MDF Douglas fir plant, two refining energies were
used to produce resin and additive-free fibers. Refining reduced fiber dimensions and increased
bulk density, more so at the highest energy. Thermoporosimetry showed increases in sub-
micron scale porosity, greatest at the highest energy. Mercury intrusion porosimetry (MIP)
revealed porosity changes on a higher dimensional scale. Brunauer-Emmett-Teller gas
adsorption and MIP showed that refining increased specific surface area, more so at the highest
energy. Inverse gas chromatography showed that the lowest refining energy produced surfaces
dominated by lignin and/or extractives. The highest energy produced more fiber damage,
revealing higher energy active sites. A novel rheological method was devised to study fiber
compaction and densification; it did not distinguish fiber types, but valuable aspects of

mechano-sorption and densification were observed.

Refining caused substantial polysaccharide degradation, and other degradative effects
that sometimes correlated with higher refining energy. Lignin acidolysis was detected using
nitrobenzene oxidation, conductometric titration of free phenols, and formaldehyde

determination. Formaldehyde was generated via the C2 lignin acidolysis pathway, but C3



cleavage was the dominant lignin reaction. Observations suggested that in-line formaldehyde
monitoring might be useful for process control during biomass processing. According to
rheological and thermogravimetric analysis, lignin acidolysis was not accompanied by
repolymerization and crosslinking. Lignin repolymerization must have been prevented by the
reaction of benzyl cations with non-lignin nucleophiles. This raises consideration of additives
that compete for lignin benzyl cations, perhaps to promote lignin crosslinking and/or augment

the lignin network with structures that impart useful properties.

Fiber/amino resin interactions were studied with differential scanning calorimetry (DSC)
and X-ray diffraction (XRD). All fiber types, refined and unrefined, caused only a slight increase
in melamine-urea-formaldehyde (MUF) resin reactivity. Generally, all fiber types decreased the
enthalpy of MUF cure, suggesting fiber absorption of small reactive species. But DSC did not
reveal any dependency on fiber refining energy. According to XRD, all fiber types reduced
crystallinity in cured MUF, more so with refined fiber, but independent of refining energy. The
crystallinity in cured urea-formaldehyde resin was studied with one fiber type (highest refining
energy); it caused a crystallinity decrease that was cure temperature dependent. This suggests

that resin crystallinity could vary through the thickness of an MDF panel.



Effects of Thermomechanical Refining on Douglas fir Wood

Mohammad Tasooji

Abstract (general audience)

Medium density fiberboard (MDF) is a wood-based composite which is widely used for
making kitchen cabinets and furniture. In the process of making MDF, wood particles are
softened under steam pressure and under high temperature and pressure, inside a refiner,
mechanically cut into wood fibers. Wood fibers are then mixed with adhesive and additives
then hot-pressed and form the final board. In the MDF industry, wood fiber quality has
significant effect on final board properties and is evaluated based on visual and tactile
inspections. The research hypothesis is that, during the refining, a variety of chemical and
physical changes must occur that are not apparent in visual/tactile inspection. An
industry/university cooperation, this work studies effects of refining energy (adjusted by
refiner-plate gap) on fiber: size, porosity, surface area, surface and bulk chemistry, fiber
crystallinity and rheology, and fiber interaction with adhesive. The intention is to reveal novel
aspects of fiber quality that might impact MDF properties or process control efficiency, specific

to a single industrial facility.

It was found that refining had significant effect on wood fiber properties: increased
surface area, porosity, and changed the surface energy; and also on wood fiber chemistry:
significant degradation in wood fiber main chemical components: poly saccharides and lignin.
These changes also had effect on fiber/adhesive interaction. Therefore the hypothesis was
confirmed that MDF fiber quality must involve more than a simple visual/tactile evaluation and
the effect of refining can be detected on other fiber quality aspects. However more research

needs to be conducted to test and find feasible new methods for fiber quality evaluation.
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Chapter 1 Introduction

1.1. Motivation

In the medium density fiberboard (MDF) industry, wood fiber quality has a significant
effect on final board properties. There are several production factors that have effect on wood
fiber quality such as: digester retention time, digester pressure, refining pressure, refining
energy, refining retention time, speed of the refiner plates, and raw material. Among all these
factors refining energy is the most important one which is controlled by changing the gap
between the refiner plates. Fiber quality determination in the MDF industry is mostly based on
visual and tactile evaluation. Fiber size and the amount of fiber bundles are the main indicators
in visual and tactile fiber quality determination. For example high refining energy produces
fibers with good quality because they are shorter in size and include less fiber bundles. On the
other hand, lower refining energy causes poor fiber quality with high amounts of fiber bundles.
But the effect of refining on fiber properties should be more than just a simple fiber size
shortening. Fiber physical and chemical characteristics can undergo changes inside the refiner.
It is important to study these characteristics that are affected by refining in order to develop
new fiber quality measurements instead of using simple visual fiber quality evaluation. This
study focuses on the effect of refining on various physical and chemical fiber characteristics and
also determines if the change in fiber characteristics has impact on fiber/resin interactions

which probably have effect on MDF panel properties.

1.2. Literature Review
1.2.1. Medium density fiberboard

Fiberboard is a category of wood based composites which is distinct from solid wood
since they are composed of wooden elements of different sizes (with dimensions of the same
order of magnitude as those of the wood cells, roughly about 3000 x 30 microns) bonded
together with an adhesive. The wooden elements used in making fiberboards are called “fibers”
which applies to any wood element with the dimensions about 3000 x 30 microns regardless of
its origin’. This term is different than the term “fiber” used in wood anatomy which is reserved

for a specific cell type in hardwoods®. There are different types of fiberboards which are



classified by density including: insulation board (0.2-0.4 g/cm®), medium density fiber board
(MDF, 0.65-0.8 g/cm?), and hardboard (0.9-1.1 g/cm®). Except for the insulation board which
can be produced only by the wet process, the rest can be produced by both the wet and dry
processes’. This research only focuses on MDF produced by the dry process.

MDF is a wood based composite used indoors. Its good mechanical and physical
properties as well as better machinability compared to solid wood, molding ability, insensitivity
to the quality of raw material, smooth surface suitable for finishing, and screw holding ability
make it an excellent candidate in interior furniture and decoration markets®*. For
manufacturing MDF, typically debarked wood (chips, shavings and sawdust) is softened in a
digester (vessel with steam pressure about 0.77 MPa, retention time about 3.5 min), refined in
a pressurized thermomechanical refiner (almost the same pressure as the digester), blended
with resin, wax and urea, then dried, formed into a mat, cold pressed, hot pressed, cooled,

finished and cut, Figure 1.
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Figure 1-1. MDF manufacturing process

MDF production is a complicated process and fiber quality is one of the crucial factors
affecting the final board properties’. There are different methods for determining MDF fiber
quality such as: various sieving methods, optical evaluation by instrument, Pulmac shive

analyzer, bulk density after mat forming, and visual and tactile evaluation by the operator.



Visual and tactile evaluation by the operator is the most common method for fiber quality
determination in the MDF industry®. In this method the average fiber size and the occurrence
of fiber bundles (shives) are the crucial indicators of fiber quality. There are several production

factors having effect on fiber quality including: tree species® ", digester and refining pressure®

10-18 15, 18-19

and retention time , refining temperaturelg, rotational speed of the refiner plates,
age of the refiner plates, and the gap between the refiner plateszo. The most important
production variable is perhaps the refining energy (kWeh/ton of fiber)®, which is controlled by
the refiner-plate gap. Therefore this research focuses on the effect of refining energy on MDF
fiber quality and having a good understanding of MDF refining (thermomechanical refining) is

necessary.

1.2.2. Thermomechanical refining

Thermomechanical refining involves processing the wood (chips, shavings, and sawdust)
under high temperature steam and mechanical shearing, cutting, squeezing, and abrading
inside a refiner. Refiner consists of two disks and there are two different disk settings known as
single-disk and double-disk refiners. In the single-disk refiner only one disk moves (rotor) and
the other is stationary (stator); however in double-disk both disks revolve at the same speed
and in opposite directions’. In MDF industry most of the refiners are single-disk refiners. Each
disk is equipped with a plate which consists of wear and corrosion-resistant alloyed steel
castings bolted to the disk. Plates have different patterns and produce different types of fibers
for different applications®. The infeed and outfeed of the pressurized thermomechanical refiner
are sealed. The infeed is connected to the digester where the wood is steamed and softened
and it is continuously fed into the refiner and discharged to atmospheric pressure after it is
resinated. Additives (wax and urea) can be added inside or right before the refiner. When the
wood enters the refiner in stage A wood fibers are picked up, make contact with the bars (edge
to edge) of the refiner plates, and are accumulated and trapped between the edges of bars and
compressed. In stage B, they are compressed between the surfaces of the stator and rotor bars.
In the stage C, they hit the bars on the surface to edge and again edge to edge, Figure 2.

Tensile, compression and shear forces are imparted to the wood fibers during the bars crossing.



These forces act on the wood fibers due to the contact between fibers and bars and also the

contact between wood fibers themselves 2*23,
Stage A Stage B Stage C
Rotor Rotor Rotor
<
Stator Stator Stator

Figure 1-2. Refining mechanism
Refining theories
Specific edge load (SEL)

SEL (J/m) is the amount of effective energy spent per unit edge length of bar crossing and it is

the most reliable theory in the pulp and paper industry >*2%. SEL can be calculated as follows:
Pnet

SEL =
CEL

Pret = Prot — Protoad

Pt is the total power consumed, P, is the net power consumed to change the fiber properties,
and Pyoi0aqd is the initial power which is the power of rotating the refiner plates (no noticeable
change occurs to fiber properties due to P,oag). CEL which is cutting edge length can be
calculated as shown below.

CEL =BEL X w

BEL is bar edge length and w is rotational speed.

Different plate designs are characterized by BEL and BEL/CEL. In pulp and paper industry, when
softwoods and hardwoods are used, SEL of 1.5-3 J/m and 0.2-1.0 J/m are respectively
recommended *%. Although this theory is frequently used in pulp and paper industry, it only

considers the length of the bar edges and not the width.



Specific surface load (SSL)

SSL theory is a modification to SEL theory and it considers the width of the bars as well 2°°.

SEL
SSL = T
IL which refers to the impact length of the bars can be calculated as follows:
_ W, + Wy o 1
2 cos(oc/2)

W, and W are width of rotor and stator bars respectively. « is the average intersecting angle

of the rotor and stator bars. SSL (J/m?) works well in the case of having narrow bars.

Specific refining energy (SRE)
SRE (kWh/t) theory21'22 is about the energy that is given from the refiner to the fibers and can
be calculated as follows:

Pnet

SRE =

P.et is described above and is the net power that applied to the fibers that can change their
properties, and m which is the mass of the fibers through the refiner (t/h). The specific refining
energies recommended for producing softwood and hardwood fibers in pulp and paper
industry are 120-160 and 80-120 respectively. Specific refining energy theory is commonly used
in the MDF industry.

Force base
All the previous mentioned theories were energy-based, however it has been reported
that force and not energy is responsible for changing the fiber properties. Researchers 26,3132

have been working on this theory and more studies are needed to develop this concept *.

It should be noted that thermomechanical refining is used in both MDF and pulp and
paper industries, however the refining temperatures are different. In the paper making industry
refining must be conducted at temperature below 140°C to make sure fibers are separated at
the secondary layer of the cell wall*®* which contains cellulose hydroxyl groups which are

necessary in paper making. However in MDF industry since adhesive is used, not only it is not

5



necessary to conduct the refining at temperature below 140°C but also it is better to increase
the refining temperature to about 170°C. At this temperature (which is over glass transition
temperature of lignin) lignin softens and fibers are separated more easily at the middle lamella®

3* which results in less refining energy consumption®*.

1.2.3. Effect of refining on wood fiber characteristics
1.2.3.1. Dimensions and bulk density
Wood fiber size distribution and bulk density are important fiber characteristics which

affect the performance of MDF> *>%’

and are controlled mostly via visual and tactile evaluation
in the MDF industryl. A survey which targeted 29 different MDF plants worldwide showed that
the amount of very short fibers (fines) has negative effect on the internal bonding, thickness
swelling and density profile of the final board®. The same survey showed that fiber size also
has effect on the MDF production process; for example fines have negative effects on
production speed, heat transfer, blister formation, energy consumption. Groom et al. also
reported that fines in the fiber furnish decreased the stiffness, strength, and internal bonding of
MDF>®. Fines also consume a higher amount of adhesives' compared to regular fibers. Besides
fines, fiber bundles or shives (collection of two or more fibers) are also not desirable®.
Regarding the effect of fiber bulk density it is stated that increasing fiber bulk density increased
internal bonding, modulus of rapture (MOR) and modulus of elasticity (MOE) of MDF38,

The effect of refining on fiber size distribution and bulk density has been studied. Short
and Lyon showed that increasing refining energy by decreasing the gap between the refiner
plates resulted in fibers with higher bulk density and shorter size®®. Xing et al. found that
refining pressure between 0.2 and 0.4 MPa caused no obvious damage to the cell wall while at
0.6-1.2 and 1.4-1.8 MPa nano-cracks and micro-cracks in fibers were observed respectively™®.
The same study reported that low refining pressure generated more fiber bundles as opposed
to individual fibers. Krug and Kehr reported that increasing refining pressure resulted in shorter
fibers and decreased fiberboard strength™.

In MDF industry, besides the tactile and visual determination method, fiber dimensions

are measured using sieving methods, Pulmac shive analyzer and optical evaluation (Fibercam



and FiberCube). Fiber bulk density can be measured using sieving methods>2. Mercury
intrusion®® and gas pycnometry*® methods can also be used, but last two are not practical in
industry. In the MDF industry bulk density is measured after fiber mat formation. In this study
Fibercam and mercury intrusion porosimetry methods were used for measuring fiber size

distribution and bulk density respectively.

Fibercam

IMAL Fibercam 100 machine is shown in Figure 1-3. Fibers pass a small filter which is located on
top of the conveying system and pass a high speed camera which is connected to software that
plots the distribution of fiber length and width. It also reports the number of individual fibers
that were tested. After the test is done the vibrator moves and all the remaining fibers were
sucked via vacuum and transferred into the waste container. The software is able to detect and

eliminate data for the fibers that are too tangled or overlapped.

9 \ 2 S Fibers enter here
o

Figure 1-3. IMAL fibercam. Left: inside and Right: outside the machine

Mercury intrusion porosimetry (for bulk density)

Mercury intrusion porosimetry is capable of measuring not only fiber bulk density and
skeletal density but also fiber pore size distribution, surface area and porosity (will be discussed
in porosity section). Bulk density is defined as the mass of the sample divided by the sample

bulk volume (including sample pores). For measuring bulk density the sample is loaded into a



penetrometer (sample cell). The volume of the penetrometer is accurately known. The mass of
the sample can be calculated by subtracting the mass of the penetrometer containing the
sample from the empty penetrometer. The penetrometer which contains the sample is then
filled with mercury. Since mercury is a non-wetting liquid, it will not sorb by the sample hence
without applying pressure no mercury should penetrate into the sample pores. The volume of
mercury in the penetrometer can be determined from weight and density. The sample bulk
volume can be simply calculated by subtracting the mercury volume from the penetrometer

volume. By having the sample mass and bulk volume, bulk density can be calculated.

1.2.3.2. Porosity
The effect of refining on porosity has been studied in the field of pulp and paper. It has

been reported that thermomechanical refining opens cell wall pores by disrupting surface

41-42

polysaccharides which makes thermomechanical fibers more porous than unrefined wood

M Refining can also produce fines which have larger volume of small pores than the parent

fibers 42,

The porosity of wood fibers can be measured in the wet state using solute exclusion *,

nuclear magnetic  resonance cryoporometry44'45, polymer adsorption46, and

47 41 48-49

thermoporosimetry and in dry state using gas adsorption and mercury intrusion

porosimetry39. In this research thermoporosimetry and mercury intrusion methods were used.

Thermoporosimetry
When wood fibers are saturated with water, the water can be categorized as non-

20-52. Non-freezing water

freezing bound water, freezing bound water, and unbound (bulk) water
is the first 1-3 layers of water adjacent to the sample surface and does not freeze since the
motion of water is extremely restricted by the association with the surface®. Freezing bound
water is the water located in small capillaries and is thermodynamically different than unbound
water™*. Freezing bound water can be used for calculating the wood fibers porosity since it has

a depressed melting point temperature due to the lower pressure at a curved interface in



cavities. According to the Gibbs-Thomson equation (equation 1) there is a relationship between

pore diameter and the depressed melting point temperature of freezing bound water>*:

)D = —4TyY s cos O
(To—Tm)pPHf
Where D is the average pore diameter (nm), To is the melting temperature of bulk water
(273.15 K), T, is the freezing bound water depressed melting point temperature (K), 8 is the
contact angle between ice and pore wall (assume to be 180°), y;s is the surface energy of
ice/water interface (12.1 mJ/m?) p is the water density (1000 kg/ma) , and Hs is the specific
melting enthalpy of water (333.5 J/g).

For thermoporosimetry analysis, an isothermal step scan procedure is conducted using a

4734 "In this procedure wet sample (2.47+0.64 g H,0/g

differential scanning calorimeter (DSC)
dry sample or generally values higher than 1*') was cooled down to -30°C and maintained for 5
min to make sure the water was completely frozen. The temperature was then increased to -
20°C at 1°C/min and this step (-30 to -20 °C) was used for measuring the sensible heat of the
wet sample (it was assumed that no melting occurred at this step). Next heating steps (-15, -10,
-6, -4, -2, -1.5, -1.1, -0.8, -0.5, -0.2, and -0.1°C) were performed at 1°C/min and for each step,
which corresponds to a specific depressed melting point temperature or specific pore diameter
(Table 1-1), melting enthalpy was calculated as follows™":

2) Hp=H-Hq

Where H,, is the melting enthalpy (J), H; is the total enthalpy (J), and Hs is the sensible heat (J).
Sensible heat must be subtracted from the total enthalpy of each step because it is the amount
of heat that is consumed for increasing the temperature of the sample and not for melting.

Sensible heat as mentioned before is calculated from the first step (-30 to -20°C) of the

isothermal step scan (equation 3):

3) He= CXAT
4) c=—
AT *

Where C is the specific heat, AT is the temperature difference for each step, and AT* is the

temperature difference for first step (-30° to -20°C).



Table 1-1. Relationship between the freezing bound water depressed melting point
temperature (Tm) and the pore diameter (D) according to the Gibbs-Thomson equation

(equation 1)>

Tm (°C) | D (nm)
-15 2.6
-10 4.0
-6 6.6
-4 9.9
-2 19.8
-1.5 26.4
-1.1 36.0
-0.8 49.5
-0.5 79.2
-0.2 198
-0.1 396

Finally total melting enthalpies were (except first step: -30 to -20°C) used for calculating
the total amount of freezing bound water which corresponds to the sample porosity. An
example of isothermal step scan data is shown in Appendix A. Thermoporosimetry has been

1 - .
41, 47,5455 However this method

used for studying pore size distribution of cellulosic materials

has some drawbacks: pores are assumed to be cylindrical which is not always the case in
56 . . . . .

wood’”; water soluble substances in wood such as organic and inorganic extractives can reduce

the specific melting enthalpy of water and cause error.

Mercury intrusion porosimetry (pore size distribution)
Mercury intrusion porosimetry is a method used for exploring pore structures larger
than about 3.5 nm. This method can determine both pore volume and pore diameter of wood

fibers by the forced intrusion of a non-wetting liquid (mercury). This involves degassing the

10



sample at room temperature and then evacuating the sample in a sample cell (penetrometer)
and filling the penetrometer with mercury so as to completely surround the sample with
mercury, applying pressure to the filled sample cell by 1) compressed air (up to 0.3 MPa
maximum) and 2) hydraulic pressure generator (up to 400 MPa maximum). Intruded volume is
measured by change in capacitance as mercury moves from outside the sample into its pores
under the influence of external pressure gradient. The corresponding pore size diameter at

which intrusion takes place is calculated directly from the Washburn equation (equation 5):

—4yC0S0H

5) D=—m—m
P

Where D is pore diameter (um), y is the surface tension of liquid mercury (0.52 N/m), 8 is the

contact angle between mercury and the sample’s surface (assumed to be 140°) and P is the

applied pressure (Pa).

The equation 5 can be reduced to equation 6:

1.52x10°
P

6) D=

The plot of intruded volume of mercury versus applied pressure is obtained from the
analysis and the pressures are converted to pore sizes based on equation 6. One of the major
drawbacks of this method (as for thermoporosimetry) is that it assumes the pores have
cylindrical geometry, which is not always the case in wood. Another drawback is that the pores
with wide inner body and narrow opening, intrusion will not occur until sufficient pressure is
applied to push the mercury into the narrow opening >’. This is called the ink-bottle effect
which has been reported for wood samples % In this case, for wood samples, mercury can

enter the lumen through the pits; hence the volume intruded will be assigned to the pit

diameter and not the lumen diameter®. However mercury intrusion has been used for studying

58-60 39, 61-62
d .

the pore size distribution of solid woo and pulp/paper
1.2.3.3. Specific surface area

Specific surface area which is defined as the surface area divided by the mass of the
sample can be affected by refining. It has been shown that refining can result in fibrillation and

formation of fines which both increase the surface area . Fibrillation can be internal and

11



external; in internal, the breakage of inner bonds between poly saccharides and poly
saccharides and lignin makes the cell wall pore structure to expand and swell *' . External
fibrillation associates with pilling off the fibrils from the fiber surface which can increase specific
surface area and roughness. External fibrillation can also produce fines which have high specific
surface area. The increase in fiber surface area by increasing specific refining energy and

1, 63
d

refining time is also reporte . Increase in porosity due to refining (discussed in porosity

section**™?

) might also lead to increase in surface area.

There are many different methods available for measuring the specific surface area
including geometrical measurements (using optical microscopes), sedimentation, conductance-
measuring, kinetic, adsorption, and gas permeability methods. Methods based on physical-
chemical interactions between the same and liquids, such as adsorption heat, heat of wetting,
sorption of dyes, etc. are less common. Raiochemical, X-ray, and mercury intrusion porosimetry
can also be used. Among all these methods the gas adsorption and gas-permeability methods
provide the best accuracy. In this study Brunauer-Emmett-Teller (BET) gas adsorption and
mercury intrusion porosimetry methods were used for measuring the specific surface area of
wood fibers. In mercury intrusion porosimetry method analysis was conducted as described in
porosity section above and specific surface area was calculated from the area above the

cumulative intrusion volume vs pressure graph. Below the BET gas adsorption method is

discussed.

Brunauer-Emmett-Teller (BET) gas adsorption

The surface molecules of any solid material are bonded on one side only, therefore the
other side is ready to adsorb gas, vapor, or liquid molecules by van der Waals forces (physical
adsorption)®. In gas adsorption method sample (with known mass) is placed in a glass cell (with
known mass) and loaded into the equipment (Auto-sorb). In order to remove all the
contaminations and moisture from the surface of the sample, loaded sample cell is outgassed
(vacuumed) normally at elevated temperature for couple of hours. Then the mass of the sample
is recorded and analysis initiated. During the analysis, loaded sample cell is immersed in liquid

nitrogen and adsorbate gas molecules are injected and adsorbed by the surface of the sample.
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An adsorption isotherm plot is then obtained by measuring the amount of gas adsorbed across
a range of relative pressures (0.05-0.3 P/Py). In this narrow range of relative pressures adsorbed
gas molecules form a monomolecular layer on the surface of the sample. Specific surface area
can then be calculated by knowing the volume of the adsorbed monomolecular layer and the
cross-sectional area of the adsorbate gas using the BET equation®® (Appendix B). Different
adsorbate gas molecules can be used; for example for measuring materials with high specific
surface area, N, gas is a good option while for materials with low surface area (0.5-1 m%/g) Kr
gas is suggested. The reason is that for materials with low surface areas the number of
unadsorbed N, molecules in the void volume of the sample cell are more than the number of
adsorbed molecules; this results in large measurement uncertainty. This can be fixed by
increasing the sample mass, but due to the size limitation of the sample cell, it is sometimes not
practical. When Kr is used, due to its lower vapor pressure compared to N,, the number of
unadsorbed Kr gas in the void volume of sample cell is low and results in more sensitive
measurement. It has been shown that sample preparation (drying) has effect on the specific
surface area®. It is found that different drying methods such as vacuum drying, freeze drying
and solvent exchange drying have effect on the sample specific surface area (Chapter 2 and

Appendix B ).

1.2.3.4. Surface energy

There are two main methods for measuring the surface energy of powder or fibrous
shape materials such as wood fibers which are Wicking column® and inverse gas
chromatography (IGC). There are few studies focusing on the effect of refining on wood fiber
surface energy. Ormondroyd et al. (2017) studied the effect of refining pressure on spruce fiber
surface energy using IGC; they found that upon increasing the refining pressure from 0.4 to 0.8
MPa dispersive surface energy increased °®. The effect of thermal modification on surface
energy of spruce wood was also studied using IGC and the results showed that thermally
modified wood had more heterogeneous nature in terms of the dispersive surface energy
compare to unmodified wood; also thermally modified wood had higher dispersive surface

energy at the higher surface active sites compare to unmodified wood *°. The effect of beating
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on the surface energy of bleached pulp was studied using IGC and results showed that beating

7971 In another study on kraft pulp Aquino et al. (2002)

increased the dispersive surface energy
reported that high cooking temperature strongly decreased the fiber surface energy, and that
the delignification stage prior to bleaching enhances the Lewis acidic character of the fibers’?.
Carvalho et al. (2005) also found that extended cooking decreased dispersive surface energy of
Eucalyptus globulus kraft fibers’®. Peterlin et al. (2010) found that delignification increased the
dispersive surface energy of thermomechanical spruce fiber’®. Additionally, surface energy of
cellulose, extractives and lignin has been extensively studied. It has been reported that
extractives generally have low dispersive surface energy and their removal from wood/pulp

75-78

resulted increased the dispersive surface energy > ’". However different results have been

reported regarding cellulose and lignin surface energies’®. Although it was stated in some

74, 80

reports that in situ lignin had lower dispersive surface energy than cellulose . It has also

been shown that generally the surface of lignocellulosic materials is more basic than acidic®®?
and lignin, extractives and hemicellulose have shown more Lewis basicity characteristic than
cellulose %2,

IGC has been widely used for determining dispersive and acid-base surface energies of

79, 87,90, 93100 1 this study IGC was used for measuring the surface

lignocellulosic materials
energy.
Inverse gas chromatography (IGC)

IGC has been used for studying physicochemical properties such as surface area, work of
cohesion, glass transition temperature, surface energy heterogeneity, acid-based properties,
and polar functionality on the surface of materials in particle, fibrous, or powder form. In this
study IGC was used to determine dispersive (nonpolar) and acid-based (polar) surface energies
as well as surface acidity and basicity parameters of the wood/fiber. In the early days of IGC,
surface energy was measured using probes at very low concentrations (infinite solution) which
only resulted in one value for surface energy which was related to surface energy at high

101

energy sites of the surface®. However in new IGC methods'®, surface energy distribution is

obtained which is very useful and practical for wood and lignocellulosic materials since they are
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very heterogeneous. In these new methods gas probes at different concentrations (finite
dilution) are used and interact with the sample’s surface®.

In IGC, the sample is packed in a glass column and one gas probe is injected at a time
and passes the sample column using an inert carrying gas which is typically helium, argon or
nitrogen. The elution time of the gas, which is related to the interaction of the probe with the
sample surface, is then detected by a flame ionization detector which results in a peak in a
chromatogram. This peak can then be used to calculate surface energies and acid-base
properties of the sample surface. It should be noted that in order to correct for the dead
volume of the sample column, methane gas is injected and it is assumed that there is no
interaction between methane gas and the sample. The surface property calculations in IGC are
as follows:

Before starting the surface energy or surface acidity-basicity analysis the monolayer
capacity for each gas probe should be calculated. This is necessary since the IGC is conducted in
a range of surface coverage and in order to calculate the surface coverage, monolayer capacity
for each probe should be known. For each gas probe, monolayer capacity is calculated based on
the cross-sectional area of the probe molecule and the measured surface area using the BET
gas adsorption method (IGC is capable of measuring surface area but in this study surface area
was measured by Autosorb-1 instrument). From the monolayer capacity, surface coverage can
be determined; which is the amount of probe moles divided by the monolayer capacity. In this
study surface coverage of 0.01-0.15 was set for each gas probe. All the calculations including
surface energies and surface acid-base properties are based on the net retention volume (Vy)
which depends on the time of interaction between the injected gas probe and the solid surface

(equation 7) 102

j T
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where j is the James-Martin correction factor attributable to pressure drop (P;, and Py are the

column inlet and outlet pressures), m is the mass of the sample, F is the flow rate of the carrier
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gas, t, is the retention time of the probe, tq is the retention time of methane (for measuring the

102-103

dead volume) and T is the temperature . For determining the dispersive surface energy

104105 1t has been stated that

101, 106-107

two methods can be used including the Dorris-Gray % or Schultz
Dorris-Gray method gives more accurate and reproducible results . However some of
the reported dispersive surface energies for hybrid materials did not show difference between

Dorris-Gray and Schultz methods'®

. It has been reported that little difference was observed
between Dorris-Gray and Schultz results when the analysis temperature was at 30°C'%. The
Dorri-Gray method was used in this project to calculate the dispersive surface energy.

The Dorris-Gray method is based on the free energy of adsorption of one methylene
group (CH,) from the gas probe molecule. The dispersive surface energy can be calculated from
the correlation and slope of the free energy of adsorption of at least three alkanes (gas probes)

plotted versus their carbon number. The free energy of adsorption of one CH, group is

calculated as shown below (equation 9):
14
9) AGH2 = —RTin (224
VNn

Where R is the universal gas constant, T is the temperature, Vy is the retention volume, and n is
the carbon alkane number. The work of adhesion between the solid sample and the CH, group

is described according to Fowke's theory 199 for van der Waals interactions (equation 10):

10) W' = 2./ydyCH,

where y& is the dispersive surface energy of the solid and yCH, is the free energy of the CH,
group. The change in free energy of adsorption of one CH, group can be calculated as below
(equation 11):

11) —AGH> = Nagy, W™

where N is Avogadro’s number and acy, is the cross-sectional area of the CH, group. Combining

equations (10) and (11) gives the following equation (12):

12) . Slope?
Vs = 4XN2(acy,)?XyCHy

The dispersive energy can be calculated from the slope of the free energy of adsorption versus

the carbon number plot (Figure 1-4) by using equation (12) * %,
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Figure 1-4. Dorris-Gray plot for determining the dispersive surface energy

For determining acid-base surface energy the Polarization method was used™™. In this method
deformation polarization (Pp) which is an intrinsic characteristic and is independent of the
nature of the probe is calculated as below (equation 13):

n¢-1 M

n2+2 p

13) Pp =

where n,M, and p are the refractive index, molar mass, and density. In the plot of RTInVy versus
the molar deformation polarization of n-alkane probes, the vertical distance between polar

probe point and the alkane line gives the acid-base free energy (AGacig-base) 1 (Figure 1-5).

Polar probe
|

Alkaline line

1
|
&G acid-base |
|
|

RTInVn(KJ/mol)

Po (cm?/mol)

Figure 1-5. Polarization method plot for determining the acid-base free energy (AGacid-base)
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The relationship between acid-base free energy and acid-base surface energy is as follows

(equation 14)'%";

14)—=AG4cig-pase = 2.N.a. (\/V5+- v, + \/Vs_-VL+

where N is Avogadro’s number, a is the molecular cross-sectional area of the adsorbed probe

molecule, and Y5 and y5 are Lewis acid (electron acceptor) and Lewis base (electron donor) of
the sample acid-base surface energy. y;"and y; are Lewis acidity and Lewis basicity of the
probes used: dichloromethane is used normally for Lewis acid (y;7 = 124.58 KJ/mol, ) and ethyl
acetate for Lewis base (y; = 475.67 KJ/mol). Therefore in the case of having dichloromethane

and ethyl acetate as acidic and basic probes respectively, equation (14) can be summarized as

follows:
15) yeidbae = 2. (s vs
where ygcid=base s the acid-base surface energy.

IGC is also capable of determining acid-base properties of the solid surface. The most

118 The equation used in the Gutmann

common theory for that is the Gutmann concept
concept is shown below (equation 16). Different polar probes can be used in Gutmann concept
and probes can be amphoteric such as acetone. Acetone can act as an electron acceptor
because of the electron deficient carbon of the carbonyl group and at the same time can show
basicity behavior through sharing the electrons on the oxygen atom.

16)—AG,cid—base = Ka- DN + K. AN

where AGgcia—pase iS the acid-base free energy, AN and DN are acceptor number and donor
number respectively and K, and Kg are Lewis acid and base numbers of the solid reflecting its
surface electron accepting and donating characteristics’®®. Ky and Kg can be calculated by

plotting —AG/AN versus DN/AN as shown in Figure 1-6.In Figure 1-6, K, and Kz are the slope and

the intercept respectively.
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Figure 1-6. The Gutmann concept plot for determining KA and KB

AN and DN of some of the probes are shown in Table 1-2.

Table 1-2. AN and DN of some probes used for determining KA and KB using Gutmann concept

Probe AN(Kcal/mol) DN (Kcal/mol)
Dichloromethane 3.9
Acetonitrile 4.7
Acetone 2.5
Ethyl acetate 1.5

In new IGC instruments, controlling the relative humidity is also possible, which can be a very

interesting option for studying lignocellulosic materials.

1.2.3.5. Compositional analysis

Polysaccharides

The only work that focused on the effect of refining energy (gap between the refiner

plates) on Loblolly pine fiber dimensions, acidity and buffer capacity was done by Short and

Lyon (2007)20. They did not see any effect of refining energy on fiber acidity and buffer

capacity’®. Most of the other research projects studied the effect of refining pressure and
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steaming on fiber chemistry. Kelley et al. (2007) looked at the effect of refining pressure (0.2 —
1.8 MPa) on fiber chemistry. They reported that in general glucose increased while xylose and
galactose decreased by increasing the refining pressures. It was stated that higher refining
pressures depress the glass transition temperature of lignin which can initiate the hydrolysis of
carbohydrate bonds®. They also found that fiber crystallinity increased by increasing refining
pressure; increasing refining pressure can result in decrease in the concentration of the
amorphous cellulose and hemicellulose components which can increase the crystallinity®.
Roffael et al. (2001) reported decrease in pentosan content by increasing the refining
temperature from 140 to 180°C for thermomechanical spruce fibers **. Josefsson et al. (2001
and 2002) found degradation and dissolution of cellulose and hemicellulose due to steam
explosion treatment; they also observed increase in glucose content™>™®. Li et al. (2005) also
found degradation of polysaccharides during high temperature steam treatment which resulted

117
I

in formation of furfural and hydroxymethyl furfural ~~’. It has been stated that both homolytic

cleavage and acid hydrolysis of glucosidic linkages might take place during the steaming118 and

119
d

also linkages between lignin and polysaccharides can be cleave which all can lead to

polysaccharide degradation. Wang et al. (2016) also reported degradation of both cellulose and
hemicellulose by increasing steam treatment temperaturem. Martin-Sampedro et al. (2011)
showed that upon increasing the severity of steam treatment, no change was observed in
glucan content, but the amounts of xylan and arabinan decreased 121 Chung and Wang (2017)

studied the effect of steaming on bamboo and found that holocellulose and alpha cellulose

122

were decreased due to steam treatment ~°°. Zhao et al. (2010) studied the effect of steam

treatment temperature and time on bamboo and found that alpha-cellulose was very stable to

temperature and time, however the hemicellulose content decreased substantially by

123

increasing temperature ~°°. Shao et al. also reported decrease of xylose content after steam

explosion treatment of bamboo ***.

Fiber acidity

38, 114

Many authors reported increases in wood acidity due to the effect of refining and

117, 125

steaming temperature . Zhao et al. (2010) found the same effect of steam temperature on

bamboo®?,
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Lignin

Wang et al. (2016) found that for steam treated samples the amount of soluble lignin
was higher than untreated sample. They also reported that by increasing steam temperature
the amount of acid soluble lignin decreased and that Klason lignin (acid insoluble lignin)
decreased by increasing the steam temperaturelzo. Martin-Sampedro et al. (2011) showed that
by increasing the severity of steam treatment Klason lignin increased while acid soluble lignin
decreased '*'. Others reported that refining pressure® and steam treatment™” '** had no
significant effect on Klason lignin. Zhao et al. (2010) found that the amount of bamboo lignin
slightly increased by increasing the steam temperature *2.
Extractives

Regarding the effect of refining and steam treatment on wood extractives, many
authors reported that refining pressure and steam treatment resulted in increase in the amount
of extractives. Roffael et al. (2001) showed that increasing the refining temperature caused

114

increase in the ethanol and hot-water extracts wood extractives Increasing steam

. . . . 12 121
temperature also caused increase in the amount of extractives in Aspen*?’, Eucalyptus'**, and

126

Black walnut™”. Chung and Wang (2017) and Zhao et al. (2010) found the same effect of steam

122-123

temperature on bamboo extractives . The reason for increasing the amount of extractives

due to refining pressure or steam treatment was stated to be due to perhaps some
delignification during ethanol extraction'® 121, 127128

The method used in this research for studying the compositional analysis was the NREL
procedure: determination of structural carbohydrates and lignin in biomass (NREL/TP-510-
42618). We also studied the effect of refining energy on wood/fiber crystallinity using X-ray

diffraction. Titration was also used for determining wood/fiber pH and the amount of weak

acids (Appendix C)

NREL procedure (for studying compositional analysis)
NREL procedure: determination of structural carbohydrates and lignin in biomass
(NREL/TP-510-42618) 129 \as used for wood/fiber compositional analysis. First, Soxhlet

extraction was performed on wood/fiber (mesh size 18-80) to remove the extractives using 95%
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ethanol for 24 hours. Afterwards the extracted samples were dried and hydrolyzed in two
consecutive steps 1: 72% sulfuric acid, 30°C, 1 hr and 2: 4% sulfuric acid, 120°C, 1 hr (in
autoclave). Acid insoluble lignin was filtered and measured gravimetrically after being oven
dried (105°C, overnight), while the acid soluble lignin content was measured using UV-Vis
spectroscopy. After the two step acid hydrolysis which resulted in polysaccharide hydrolysis

into sugar monomers, lon chromatography was used for quantifying the sugars.

1.2.3.6. Lignin chemistry

Lignin is a phenylpropanoid macromolecule having both aliphatic and aromatic moieties
121 it consists of three major monomers coniferyl, sinapyl and p-coumaryl alcohols (Figure 1-7).
Softwoods contain guaiacyl lignins and these are derived mostly from coniferyl alcohol.
Hardwoods contain syringyl/guaiacyl lignins and are derived mostly from sinapyl and coniferyl

alcohols*®®

. Grasses contain syringyl/guaiacyl/p-hydroxyphenyl propane lignins and are derived
from sinapyl, coniferyl, and p-coumaryl alcohols.
There are different types of linkages in the lignin structure at different positions of the

phenylpropane unit labeled in Figure 1-7.
OH OH OH

5\ 3
\T/ ome  Meo OMe
OH OH OH
coniferyl alcohol sinapyl alcohol p-coumaryl alcohol

Figure 1-7. Lignin major monomers

The dominant linkages between phenylpropane units in softwood lignin are shown in Table 1-3.
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Table 1-3. Dominant linkages in softwood Iignin131

Linkage type % Linkages
B-0-4 45-50
5-5 18-25
B-5 9-12
B-1 7-10
a-0-4 6-8
4-0-5 4-8
B-B 3

Among all the linkages shown in Table 2, -0-4 is the most dominant one (Figure 1-8).

OH

HO
HO

OMe

OMe

OH

Figure 1-8. B-0-4 linkage in guaiacyl lignin

As mentioned before during refining, the temperature is high (about 170°C) and wood is
slightly acidic (Douglas fir pH: 6.01). Under these conditions lignin acidolysis can take place™°.

The most important reaction during lignin acidolysis is the cleavage of B-O-4 Iinkageslso. B-0-4

132-140
d

cleavage has been describe and the mechanism is known**3. In lignin acidolysis, there are

two routes for B-O-4 cIeavageBO. Both routes result in formation of phenoIsBO, but only one

141-142

route releases formaldehyde (Figure 8). However it has been observed that during lignin

acidolysis, depolymerization (B-O-4 cleavage) and repolymerization (condensation) reactions
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can occur'? 143147 (Figure 1-9) and these reactions can be more or less simultaneous? 127 145

198 This is due to the fact that both of these reactions have a common intermediate, the

carbonium ion at C, of the side chain (Figure 1- 9)1%.
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Figure 1-9. Different pathways in lignin acidolysis

The occurrence of lignin acidolysis due to wood steam treatment has been shown.
Several studies focused on the effect of steam explosion or autohydrolysis treatments of aspen
wood and reported cleavage of B-O-4 linkages and formation of phenols 2% 12> 145 148149 g,,qq
et al. (1985) did steam treatment (183-230°C) on beech wood and they found extensive
cleavage of B-O-4 linkages which resulted in high phenolic hydroxyl content **°.Shimizu et al.
(1998) studied the steam explosion treatment on various wood species (hardwoods) at 180-
230°C for 1-20 min. They found that a- and B-aryl ether (B-O-4) linkages were extensively
cleaved due to steaming 21 Jakobsons et al. (1995) focused on the steam explosion treatment

of birch wood and observed that phenol concentration increased after steam explosion and

lignin side chains were subjected to oxidation and partial destruction. They also reported that
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pseudo-lignin (products of reactions between polysaccharide degradation products and lignin,

and/or repolymerization of polysaccharide degradation products **?) was incorporated into

153

steam treated lignin structure™". Shao et al. (2008) studied the steam explosion of bamboo and

found that the phenol content of steam-exploded fiber was 2.3 times higher than the control

sample and they stated that the reason is due to B-O-4 cleavage 124

. Martin-Sampedro et al.
(2011) studied lignin changes due to steam explosion of Eucalyptus wood chips and found
significant decrease in B-O-4 and more phenol formation after steam treatment ***.

As previously mentioned besides phenols, formaldehyde formation also occurs in the C2
pathway of B-O-4 cleavage during lignin acidolysis (Figure 8). Roffael et al. (2001) measured the
amount of formaldehyde released from thermomechanical spruce fibers produced at refining
temperature from 140 to 160°C. They found that upon increasing the refining temperature

114
d

formaldehyde release of spruce fibers increased™", which is consistent with lignin acidolysis.

As discussed before during lignin acidolysis, lignin depolymerization (B-O-4 cleavage) and

repolymerization (C-C condensation) occur more or less simultaneously. Several studies

125, 127, 143-148

observed that in steam treatments, lignin repolymerization takes place and some

reported that lignin condensation reactions occurred when wood was steam treated at high

120-121

severity . They proved the occurrence of lignin condensation reactions by observing

. . . 120,1 154 . . . 120-121, 125, 1
increase in the number of carbon-carbon linkages?® > *** lignin molecular weight*?®1?% 12% 10
and degradation temperaturem.

In this research, for studying wood/fiber lignin chemistry, conductometric titration**

d ® was used for

(Appendix C) was used for measuring the phenols, serum bottle metho
formaldehyde determination and nitrobenzene oxidation reaction (Chapter 3, Appendix D) for
studying lignin structure. 2D NMR heteronuclear single quantum correlation (HSQC) (Appendix
E) analysis was also conducted, but it was not a sufficiently sensitive method for this study. Low
sensitivity of HSQC has been observed before.

Nitrobenzene oxidation (NBO) reaction is an old method that was introduced by

7 In this method lignin is oxidized by

Freudenberg to confirm the aromatic nature of lignin
nitrobenzene in alkaline condition (2M NaOH, 170°C, for 2-3 hrs), lignin linkages such as B-0-4,

B-1, B-B and B-5 are cleaved™®*®° and benzaldehydes are recovered as the main products
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together with small amounts of corresponding benzoic acids'®. Therefore in softwoods the two
main products of NBO are vanillin and vanillic acid*®’. The mechanism of NBO reaction was first
proposed to be in such that nitrobenzene acts as a two-electron-transfer oxidant to produce
quinone methide intermediates from free phenolic units*®’; however later studies showed that
oxidation is a free radical procedure involving a one-electron transfer at the level of the

162

benzylic alcohol group™-. It is highly possible that both mechanisms coexist (Figure 1-10).

Benzoic acid is formed in small amounts from benzaldehyde (3-10% based on the benzaldehyde

d1e0 163 during NBO through Cannizzaro reaction which occurs under alkaline condition

yiel
(Figure 1-11). The reason for having small amounts of corresponding benzoic acid is that
aldehydes containing phenolic hydroxyls are stable under basic conditions. This is due to
resonance stabilization on the carbonyl group by the phenolate anion which tends to protect it
from the nucleophilic attack of hydroxide anion which is the initial step in the base-catalyzed

Cannizzaro reaction (Figure 1-11).
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Figure 1-10. Proposed nitrobenzene oxidation mechanisms (Two-electron-transfer mechanism
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Figure 1-11. Cannizzaro reaction
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It should be noted that in softwoods the yield of NBO reaction (vanillin formation) is
about 17-20% (by weight) based on Klason (acid insoluble) lignin. The NBO reaction has been
conducted in slightly different ways in the literature and in this study the method was adapted
from Ohra et al. (2013) ** Liyama (1990) **, and Latahira and Nakatsubo (2001) *®°. However
modified version of NBO has been developed which reduced the amount of sample and the

166

reaction time™". In this study NBO was used in order to confirm the occurrence of lignin

acidolysis reaction during the refining.

1.2.3.7. Rheology

The effect of refining on compaction and densification of wood fiber mat and also on
lignin glass transition temperature was studied using rheometer.
Compaction and densification

In MDF production wood fibers blended with adhesive and other additives undergo cold
press and then are subjected to heat and pressure in the process of forming the final board. The
application of heat and pressure to moisture-containing wood fibers results in compaction and
densification. Compaction and densification have significant effects on the final board
properties. When MDF is hot pressed there will be a gradation in final board density throughout

the thickness of the board which is called vertical density profile (vDP) **’

. In hot pressing,
thermal and moisture-induced softening decrease the compression strength of the wood fibers
and the modulus perpendicular to the grain as well as the bending modulus. Therefore when
the press starts to close, the layers of the mat which are directly in contact with the platens get
weakend and readily densified. However it should be mentioned that the extreme outer
surfaces of the face layers have the lowest density which is mainly due to the adhesive overcure
with the immediate contact of the extreme outer surfaces with the heated press platens. Steam
generated from heating the surface layer is transferred to the core of the mat; this increases
the core temperature and moisture content. The intermediate and core regions of the mat

densify at a different rate and degree than the surface layers **’

. The result of this dynamic
process develops the VDP throughout the board thickness (Figure 1-12). Vertical density profile

formation is dependent upon some factors as stated by Wang and Winistorfer (2000) *°%: 1) the
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moisture content of the mat, 2) mat structure which depends on the fiber geometry,
dimensions and inherent density of the wood used for producing the fibers, and 3) pressing
conditions including temperature, pressure and pressure cycle, and pressing time ( total and
press closing time). VDP has significant effects on physical properties of the final MDF. For
example boards with considerably higher face density are better for laminating, gluing, and

finishing. When the core density is homogenous the board is very suitable for embossing,

molding, and general machining **°.
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Figure 1-12. Example of vertical density profile (VDP)

During hot pressing since the moisture content of the mat changes, this will have effect on the
viscoelastic behavior of the mat. When wood is under load and subjected to moisture content
changes, it shows much greater deformation than under constant moisture content. This
phenomenon is known as mechano-sorptive (mechano-sorption) effect and it seems that it can
happen during the MDF hot pressing. The mechano-sorptive effect has been observed in wood

170-172

and paper using dynamic mechanical analysis . In this study the compaction and
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densification of the fiber mat during cold and hot pressings were studied using a newly

developed method which is described in Chapter 2.

Lignin glass transition

The effect of steam treatment on lignin structure has been discussed before in the lignin
chemistry section and it was mentioned that during lignin acidolysis, lignin depolymerization (-
0-4 cleavage) and repolymerization (C-C condensation) occur more or less simultaneously.

Several studies showed that in steam treatments, lignin repolymerization takes place 125,127, 143-

148 120, 150, 154 . .
, lignin

and this was found based on increase in number of carbon-carbon linkages

120-121, 125, 150 121

molecular weight and degradation temperature™". Dynamic mechanical analysis
(DMA) can also be used for studying lignin repolymerization by measuring lignin glass transition
temperature (Tg). If repolymerization/crosslinking reactions are more dominant than cleavage
reactions, lignin polymeric flexibility is expected to decrease which results in lignin T, increase.

Thermal softening of lignin and its impact on energy consumption of pulping processes was first
studied by Hoglund et al. (1976) . DMA was first used to study the viscoelastic behavior of
wood in 1960s, using a torsional pendulum mode on rectangular specimens *"*1”. After the
1960s torsion bending and tension modes were mostly used 176182 The DMA analysis that was

183 The method is solvent-

used in this study has been developed by Chowdhury et al. (2010)
submersion compressive torsion DMA where a fiber mat is compressed between parallel-plates
while being immersed in a plasticizer. The reason for using plasticizer is that in dry conditions,
the glass transition temperature of in situ lignin is about 205°C*#*: however by using plasticizing
solvents, lignin T, can effectively be reduced to lower temperatures. For example lignin T for
water saturated wood has been reported to be between 60 and 95°C, while more stronger
plasticizers such as formamide can reduce the lignin T, to about 40°C*"°. In this study glycerol
was used as plasticizer which is a less effective wood swelling agent compared to other

185-186

plasticizers . Glycerol was selected since it provides a crude approximation of moisture

levels below wood fiber saturation point which is the condition used in MDF industry.
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1.2.3.8. Resin cure

Resins that are normally used in MDF production are urea formaldehyde (UF) and
melamine urea formaldehyde (MUF) resins (the amount of melamine is normally very small, 2%
based on 100% liquid) **’. Pizzi and Panamgama (1995) studied the curing of MUF resin in the
presence of wood and cellulose. They reported that MUF in the presence of wood and cellulose
had a lower activation energy compared to neat MUF 188, Xing et al. (2004) reported that UF
gelation time was directly correlated to wood pH. They also found that at low level of resin
catalyst (NH,Cl), UF gel time was inversely correlated with wood acid buffering capacity,
however at higher catalyst levels wood acid buffering capacity did not have significant effect on

189 Johns and Niazi (2007) studied the effect of wood extract pH and buffering

UF gel time
capacity on UF gelation time and reported that UF gelation time was directly correlated to the
wood extract pH and inversely correlated with acid buffering capacitylgo. Xing et al. (2005) also
studied the effect of wood on UF curing behavior. They found that the curing enthalpy of the
UF resin decreased in the presence of wood; they stated that the reason is due to diffusion
induced by wood since wood can absorb UF water and reduce the mobility of resin which can
have effect on resin cure **!. Gao et al. (2008) studied the curing characteristics of UF in the
presence of various amounts of wood extracts. They found that the curing rates of UF increased
in the presence of wood extracts when pH values decreased. They found that different wood
species had mixed effect on UF activation energy. Based on that they suggested that activation
energy does not reveal the whole picture of the resin cure, and other curing behaviors such as
curing peak temperature must also be considered®. Lee et al. (2013) studied the effect of MDF
flour, rice husk flour, silica powder, and tannin powder on the curing behavior of UF resin. They
found that by adding MDF flour the thermal stability of UF increased but the curing activation
energy decreased’®.

The curing behavior of phenol formaldehyde (PF) resins has also been affected by the

194-199

wood substrates in the PF/wood mixtures . Mixed findings were reported on the effect of

wood on PF resin activation energy. Some authors reported that wood decreased the PF

194, 197 196, 199

activation energy while others stated the opposite way . It has been also reported

that in the presence of wood the reaction enthalpy of PF resin was reduced’®.
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In this study, the effect of wood/fiber on the onset and enthalpy of cure as well as curing
activation energy has been studied using differential scanning calorimetry as described in

Chapter 4.

1.2.3.9. Resin crystallinity

200-203

The presence of crystallinity in UF resin has been reported by many authors . It has

201—204. Dunker et

been reported that UF crystallinity occured when F/U mole ratio was low (1.0)
al.(1986) related the semicrystalline nature of cured UF to hydrogen bonds between colloidal
particles. They also stated that the UF crystalline regions could be formed from the

205

crystallization of compounds containing ring structure™ . Levendis et al. (1992) also stated that

the crystallinity of the cured UF is dependent upon the F/U mole ratio and NH4Cl hardener

2% The crystallinity of UF resin can be very important because it can affect the

content
strength®® of the resin and also its formaldehyde emission®’. Ferg et al. (1993) reported that
the cured UF crystallinity and strength appeared to be inversely related 207 park and Causin
(2013) found that UF crystallinity was correlated to the improved hydrolytic stability of the
resin which can reduce resin formaldehyde emissions 2°*%%,

Regarding the effect of wood on UF crystallinity Levendis et al. (1992) found that the
cured UF can only be amorphous when it is cured in the presence of wood even at low F/U

193
. In

mole ratios *®. Lee et al. reported the same for UF cured in the presence of MDF flour
contrast, Singh et al. (2014) showed that UF with low F/U mole ratio does crystallize when
cured in the presence of wood?*®.

In this research, the effect of wood/fiber on UF and MUF crystallinity was studied using

X-ray diffraction as described in Chapter 4.
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2.1. Abstract

Resin and additive-free Douglas fir thermomechanical fiber was refined at two energies (188
and 349 kWeh/ton) by a North American fiberboard mill; specimens were studied for aspects of
fiber quality. The highest refining energy produced relative reductions in fiber width and length,
and an increase in bulk density. Thermoporosimetry revealed increases in sub-micron scale
porosity, greatest at the highest refining energy. Mercury intrusion porosimetry (MIP) revealed
porosity changes on a higher dimensional scale, associated with fiber lumens, inter-fiber voids,
and fiber damage. Brunauer-Emmett-Teller gas adsorption and MIP demonstrated that refining
increased the specific surface area, the greatest effect occurring at the highest refining energy.
Inverse gas chromatography showed that the lowest refining energy produced surfaces
dominated by lignin and/or extractives. The highest refining energy produced more fiber
damage and this seemed to uncover higher energy active sites. A novel rheological analysis
(nonlinear compression simultaneous with linear torsional oscillation) was devised to study
fiber compaction and densification. The method did not clearly distinguish the fiber types
studied, but aspects of mechano-sorption and fiber densification were observed, and it is
suggested that this method merits further development for new insights into wood fiber
rheology. These observations were generally consistent with the industry standard of visual and
tactile evaluation of fiber quality. The effects observed are expected to cause bulk chemical
changes, and changes in fiber/resin interaction that are described elsewhere.

KEYWORDS: Thermomechanical wood fiber, Medium density fiberboard, Refining energy, Fiber

quality, Wood fiber characterization,
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2.2. Introduction

Among the variety of wood-based composites, medium density fiberboard (MDF) is
special because it is made from wood that is processed into individual cells (fibers). At roughly
3000 x 30 microns, length-to-diameter, these fibers are reconsolidated with thermosetting
adhesives such that inter and intra-fiber compaction produces very smooth, machine-moldable
surfaces that make MDF ideal for furniture production and interior decoration®™®. MDF is
typically manufactured with wood residues such as chips, shavings, and sawdust. While
processes vary, a common MDF production sequence involves: 1) steam treatment (digestion)
and wood softening above the glass transition, 2) refining, or rotary shearing between circular
plates under steam pressure, 3) blending with resin, wax, and other additives, 4) drying, and 5)
mat formation and hot-pressing. Since the objective is to process wood into isolated fibers,
refining causes cleavage in and around the middle lamella®. However transverse fractures also
occur thereby shortening the fibers, and producing sub-fiber fragments. Fiber separation is
imperfect, and refining conditions will affect the occurrence of fiber bundles, which are
collections of two or more wood cells that fail to separate. Normally, greater quantities of fiber
bundles (shives) are associated with lower fiber quality®.

MDF fiber quality is most commonly evaluated by visual and tactile inspection4,
suggesting that average fiber length, the occurrence of fiber bundles, fiber morphology, and
bulk density are implicit indicators of fiber quality. Besides tree speciesz’ >7 several production
variables will affect fiber quality; these include digester and refining pressure® ®'°, digester

13,1617, refining temperature'’, rotational speed of the refiner plates, and the gap

retention time
between refiner plates’®, which changes as the plates wear. The most important production
variable is perhaps the refining energy (kWeh/ton of fiber)'®, which is controlled by the refiner-
plate gap while other variables remain fixed.

Considering the complex structure and chemical reactivity of wood, it seems unlikely
that all aspects of fiber quality could be reflected in visual and tactile inspections.
Consequently, this effort is an industry/university cooperation intended to seek other aspects

of fiber quality that might affect product performance or process efficiency. The context for

this study was an industrial MDF production facility processing Douglas fir (Pseudotsuga
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menziesii); and the principal experimental variable was refining energy via changes in gap
settings. Using a variety of species not including Douglas fir, Short and Lyon found that refiner-
plate gap settings had no impact on fiber pH, alkaline buffering capacity, and ash content; only
the fiber size and bulk fiber density were affected’®. This is in contrast to our observations,
presented here and elsewhere, and the discrepancy speaks to a practical challenge in MDF
research: it is very difficult to relate pilot-scale refining (as for Short and Lyon®®) to industrial
practice, and critical aspects of processing vary substantially among industrial producers. In
other words, wood fiber-based composites like MDF are the most technologically and
scientifically complex wood-based composites. Our expectation is that refining energy will
affect multiple aspects of fiber chemistry and other fiber properties, and that these effects
could be expected to alter the fiber/resin interaction. Specifically however, this publication
focuses on how fiber dimensions, porosity, surface area, surface energy, and aspects of fiber

rheology are affected by changes in refining energy.

2.3. Experimental

Materials

Douglas fir (Pseudotsuga menziesii) refined and unrefined samples were collected at Arauco’s
MDF production facility in Eugene, Oregon, U.S.A. Normal production at this facility uses
Douglas fir particles (30% shavings, 70% sawdust) softened in a steam digester (0.77 MPa,
174°C, 3.5 min retention time). Steam digested material is sprayed with additives (urea and
wax), then fed into a Sprout-Bauer SB150 thermomechanical refiner (0.77 MPa, 174°C, 1800
revolutions per min; disk configuration: spiral, 152 cm diameter). After passing through the
plant drying system, the fibers are resinated, formed and hot-pressed. For this research,
additive inlet valves were closed and fiber was processed so as to clear additives from the
system. Once clear of additives, and after the drying stage, fiber sampling occurred in an
emergency fiber-dump section (a fire safety feature of the plant). Collected specimens had a
moisture content of 5-6% (wet basis), and were identified as DF188 and DF349 corresponding
to the refining energies used: 188 and 349 kWeh/ton. These refining energies (adjusted by

changing the refiner-plate gap) are the practical range for production at this facility; the low
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and high refining energies produce “low” and “high” quality fiber as needed for commercial
production. Unrefined control specimens (identified as DF; moisture content ~25%) were
sampled from the production feedstock. All samples were collected in one day and sample
preparation (below) started on the following day. Besides two different refining energies, all
other production parameters were fixed. Fiber specimens were free of adhesive and additives.
Sample preparation

The unrefined sample (DF) was vacuum dried (0.10 mmHg, 25°C, overnight), ground by a
Wiley mill, screened (18-80 mesh) and vacuum dried (0.10 mmHg, 25°C, overnight). Refined
samples (DF188, DF349) were not milled, but similarly screened and dried as described. All
samples were then sealed/stored at room temperature.
Solvent-exchange drying: previously screened and vacuum dried samples (~3 g) were
sequentially stirred (25°C, 1h) in the following solvents (300 mL): distilled water, acetone:water
(25:75, 50:50, 75:25, 100:0 vol:vol), and hexane. Solvents were exchanged by filtration, and
washing occurred using 100 mL of the next solvent (disposed) before immersion in the next
solvent, then the sample was vacuum dried (0.10 mmHg, 25°C, overnight).
Fiber size distribution

An IMAL FiberCam 100 was used to measure fiber width/length distributions. Fibers
were separated manually and dropped inside the vibrating FiberCam conveyance system,
where after the system high-speed camera then collected images that were processed into
fiber length and width measurements using image analysis software. Tangled or overlapping
fibers were excluded by the software and a minimum of 250,000 fibers were analyzed for each
sample repetition. Note that the fiber width results were downwardly and uniformly adjusted
by a factor of 10; this made the results consistent with microscope images (not shown here)
that demonstrated that most fibers had been reduced to individual tracheid cells.
Brunauer-Emmett-Teller (BET) gas adsorption

A Quantachrome Autosorb-1 was used to measure specimen specific surface area.
Sample (0.2-0.5 g) was loaded into a 9 mm large bulb cell. The loaded cell was degassed (25°C,
24h) until the vacuum was less than 50 umHg. Eleven point BET analysis was conducted at 77 K.

Freeze dried specimens were analyzed with Kr gas (equilibration time: 4 min; tolerance: 0).
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Solvent-exchange dried specimens were analyzed with N, gas (equilibration time: 3 min;
tolerance: 0). Measurement were conducted at 0.05-0.3 relative pressure (P/Py). Specific
surface area values were calculated from gas adsorption isotherms using the BET model*®%.
Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) analysis was conducted by Quantachrome using a
Quantachrome Poremaster-60. Solvent-exchanged dried sample (0.05-0.1 g) was placed in a
suitable penetrometer and degassed (25°C, 16h) until the pressure was less than 20 umHg and
then filled with mercury to completely surround the sample. Pressure (0.001-400 MPa) was
incrementally applied and the volume of mercury intruded to the sample pores was measured.
The Washburn equation was used for calculating pore size distribution®*. Surface area was
calculated from the area above the cumulative intrusion volume vs pressure graph®. Bulk
density was measured from the difference in mercury volume of empty and sample-containing
penetrometers. For all samples, the maximum mercury pressure was 0.7 MPa, since the
cumulative intrusion volume vs pressure graph reached a plateau after 0.7 MPa.
Inverse gas chromatography

Inverse gas chromatography (IGC) analysis was conducted by Surface Measurements
Systems. IGC measurements were carried out on a Surface Measurements Systems IGC-SEA
equipped with a flame ionization detector. Freeze dried sample (350-400 mg) was packed into a
silanized glass column (3 mm ID, 300 mm long, silanized glass wool packed into each end) using
the Surface Measurements Systems sample-packing device. The packed column was
conditioned (30°C, 2 h, 0% RH) and analysis conducted at 30°C with He carrier gas (10 ml/min)
and methane used for column dead volume correction. For measuring dispersive surface
energy, non-polar probes (decane, nonane, octane, heptane) were used and polar probes
(dichloromethane, ethyl acetate) were used to measure acid-base surface energy. Surface
acidity and basicity parameters (Ka and Kb) were calculated using polar probes
(dichloromethane, acetone, acetonitrile, ethyl acetate). All probes were HPLC grade (99%
purity, Sigma-Aldrich). Surface coverage range for all probes was set at 1-15% (0.01-0.15 n/nm).

BET specific surface area (above) was used for the surface coverage calculation. The Dorris-
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Gray and polarization methods were used for calculating dispersive and acid-base

surface energies respectively. The Gutmann®” >

concept was used for Ka and Kb calculations.
Thermoporosimetry

A TA Instruments Discovery differential scanning calorimeter (DSC) was used for
thermoporosimetry; temperature and enthalpy measurements were calibrated with high purity
water and mercury. Vacuum dried sample (0.3 g) was saturated in distilled water using a
vacuum/pressure treatment (mix water and fiber; apply 70mBar vacuum for 45 min; open to
atmospheric pressure) then sealed/stored (25°C, 24 h). Sample was centrifuged (10min, 5000
RPM) and decanted. Fully saturated sample (0.07 g) was placed in an aluminum
thermogravimetric analysis pan, loaded into the TGA (Q500 TGA, TA instruments) and dried
(20°C/min to 90°C, then hold at 90°C). Drying was interrupted to produce samples with
moisture content ratio of 2.47+0.64 g H,0/g dry sample. Then the sample (~2.5 mg) was sealed
into a DSC aluminum hermetic pan and analyzed. An isothermal step scan program was applied
and the data developed as described by others®'. After analysis was complete, the specimen
holder was punctured, and heated (20°C/min to 110°C, then hold) on the TGA to obtain the dry

sample mass.

Fiber mat rheology: compaction and densification

TA Instruments AR2000 was used for rheological analysis. Vacuum dried sample (0.05 g)
was dispersed in distilled water (15 mL), then formed into a fiber mat (~5 mm thickness, 8 mm
dia.) by filtration into a mold. The fiber mat was placed in an aluminum thermogravimetric
analysis pan, loaded into the TGA (Q500 TGA, TA instruments) and dried (20°C/min to 90°C,
then hold at 90°C); drying was interrupted to produce mats with different wet basis moisture
contents (10%, and 75%). The fiber mat was placed between 8 mm diameter parallel-plates and
subjected to 1) a compaction analysis at room temperature, where the specimen was simply
compacted without application of oscillation stress, and then 2) a densification analysis while
heating, where an oscillation stress was applied. Compaction analysis: gap set (5000 um);
equilibrate (25°C, 1min); gap closed to 1500 um (58.3 um/s); monitor normal force during gap

closing. Densification analysis: equilibrate (40N normal force, 25°C, 2 min), temperature ramp
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(40N normal force, 25-200°C, 3°C/min, 30000 Pa, 1 Hz). The oscillation stress applied during the
densification study was conducted within the linear viscoelastic response, as determined using
stress sweep experiments at 25°C and 200°C. Compaction and densification analyses were

always conducted sequentially on the same specimen.

2.4. Results and discussion

As expected, increasing refining energy shifted fiber size distributions to lower average
dimensions, and with greater effect on width than length, Figure 2-1. The reduced fiber
dimensions were consistent with similar measurements described in the literature® '8, and with
the increased bulk density measured here (Table 2-1). While not directly comparable to this

work, others have reported mixed findings regarding the impact of refining pressure on fiber
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Figure 2-1. Fiber size distributions of refined fibers (DF188 and DF349) Left: fiber width

distribution; right: fiber length distribution. Error bars represent + 1 standard deviation, n=5.

Since increased refining energy reduced average fiber dimensions, it is reasonable to
expect a corresponding effect on fiber porosity. Figure 2-2 confirms this where it is seen that
the cumulative freezing bound water was increased by refining, and more so at the highest
refining energy. Thermoporosimetry detects freezing bound water on the sub-micron scale
within the fiber cell wall and within other features such as the fiber pits and the tips of fiber

32-33

lumens (Appendix A) . Consequently, an increase in the freezing bound water correlates
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with increased porosity on the sub-micron scale. A similar conclusion was found using mercury
intrusion porosimetry (MIP), Figure 2-3. MIP detects a broader pore size range, which includes
intra-fiber and inter-fiber voids, respectively below and above about 30 um. For instance, the
unrefined specimens exhibited a roughly bimodal pore size distribution, with major pore sizes
centered near about 25 and 250 um. Respectively, these two ranges are believed to correlate to
fiber lumens, and inter-fiber voids. After refining, the pore size distributions were more
unimodal in nature, but with shoulders that revealed more cumulative pore volume below 20
um. For the refined specimens, we interpret pore sizes at about 20 um and lower to indicate
fiber lumens, and smaller openings into the lumens as from fractures near the fiber tips and pit

43¢ Furthermore, refining appeared to have reduced the

apertures via the ink-bottle effect
inter-fiber pore sizes to about 100 and 40 um for DF188 and DF349 respectively. This is
consistent with the reduced average fiber sizes, and increased bulk density mentioned above;
and it suggests that fiber compaction would be greater in MDF panels prepared at the higher
refining energy (contradictory to results described below). Finally, the change from a roughly
bimodal to mostly unimodal pore size distribution probably reflects the nature of fracture
during refining (at or near the middle lamella) whereas the unrefined specimens were reduced

solely through milling where fractures parallel and perpendicular to the fiber axis are expected

to occur with similar frequency °.
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Figure 2-3. Example cumulative intruded volume and pore size distribution for refined (DF188

and DF349) and unrefined (DF) samples obtained with MIP; one measurement of two is shown.

Consistent with reductions in average fiber size, and with increases in fiber porosity
discussed above, refining also increased the specific surface area, and again more so at the

highest refining energy, Table 2-1. The fibrillation and fines production (fiber damage) resulting
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from refining are known to increase specific surface area, and the effect is known to increase

with increasing refining energy and time 3"

. Table 2-1 indicates that gas adsorption detected
more surface area than mercury intrusion, and that gas adsorption was also much more
sensitive to increasing refining energy. The effects of fiber drying method are also seen in Table
2-1, where surface tension effects in solvent-exchange drying prevented void collapse, as

others have shown ***,

Table 2-1. Specific surface area values of freeze dried and solvent exchange dried samples
measured using BET gas adsorption and MIP; bulk density values measured using MIP. Standard

deviation in parentheses; n=3 for BET, and 2 for MIP.

BET gas adsorption MIP

Specific surface area Specific surface Bulk density
Specimen (m?/g) area (m?/g) (g/cm’)
Solvent
Freeze dried Solvent exchange
exchange

DF 0.48 (0.02) 3.90 (0.48) 0.39 (0.00) 0.21 (0.00)
DF188 0.81 (0.04) 34.62 (2.19) 0.65 (0.03) 0.14 (0.02)
DF349 1.02 (0.09) 69.82 (5.55) 0.75 (0.03) 0.19 (0.00)

The changes in fiber dimension, porosity, and specific surface area so far mentioned
suggest that refining should also impact fiber chemistry. While bulk chemical effects are
reported elsewhere, Figure 2-4 demonstrates that refining caused surface chemical changes, as
measured using inverse gas chromatography (IGC). Because IGC involves the introduction of
different volumes of probe, the resulting sorption/desorption data provides surface energies as
a function of surface coverage. Data in the low surface coverage range preferentially reflects
the highest surface activity?” and this is why the energies are generally higher in this range.
Relative to the unrefined sample, Figure 2-4 shows that the lowest refining energy caused a
significant reduction in dispersive energy across the entire range of surface coverage. This

44-47

might be due to the effect of extractives™ ', which are expected to undergo broad dispersal
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during the steam pressure refining. For instance it was reported that extractives removal from

wood/pulp resulted in a higher dispersive surface energy*®>>

. In this study recall that the
unrefined sample was processed by milling and this is expected to cause more fractures
perpendicular to the fiber axis. In contrast the refined samples are believed to experience
preferential cleavage at the middle lamella (parallel to the fiber axis). Cleavage perpendicular to
the fiber axis might expose more lignin-free surfaces, perhaps suggesting that the unrefined
sample will exhibit an artificially high surface energy. However there are mixed findings on the

54

relative dispersive surface energies of lignin and cellulose . Some have shown that in-situ

56 \which could be consistent with

lignin has a lower dispersive surface energy than cellulose
the reduction in surface energy found here. If that is true, then there is perhaps a limit to this
effect because the highest refining energy caused an apparent reversal; the highest refining
energy resulted in a dispersive surface energy that was more similar to the unrefined sample.
However the IGC measurement of DF349 was highly variable and all of the IGC data is only
based upon two measurements per sample type. Nevertheless, if it is assumed that in situ
lignin has a lower surface energy than cellulose, it is reasonable to expect that higher refining
energies will cause more fibrillation and damage, thereby increasing the number of active sites

44, 48,58

and increasing dispersive surface energy >’ because of greater cellulose exposure . In fact

others have shown that energy inputs such as fiber beating and refining. increase dispersive

surface energy >9-62

. Regarding the acid-base surface energy and besides the lowest surface
coverage, no difference was observed between the two refined samples; and generally they

were lower than for the unrefined sample, Figure 2-4.
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The relative acidity and basicity are reflected in the acid/base ratio (K,/Kp), and as typical

for lignocellulose 63-65

all specimens exhibited a principally basic nature, Figure 2-5. At low
surface coverage, refining reduced this ratio (the surface became more basic), but the effects of
refining energy levels were not clearly distinguishable. At higher surface coverage the data
variation prevented any reliable interpretation. As mentioned, refining can promote the effects
of extractives and lignin, while the unrefined but milled samples might present more cellulose.
It has been reported that lignin and extractives exhibit more Lewis basicity than cellulose*® 3% ¢
"1 Furthermore, hemicellulose might also decrease surface acidity’®. Summarizing the surface
analysis, interpretations were limited since only duplicate (n=2) analysis was obtained, but it
seems that the lowest refining energy produced surfaces dominated by the effects of lignin and
extractives. The highest refining energy produced substantially more fiber damage and this
perhaps resulted in more cellulose exposure. This interpretation is perhaps consistent with our

bulk chemical analysis that will be reported elsewhere; relative to the unrefined samples, those

analyses showed that DF188 and DF349 respectively showed 20% and 43% reduction
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(degradation) in neutral sugars, and substantial B-aryl ether cleavage in lignin (according to
nitrobenzene oxidation).
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Figure 2-5. Surface acidity (Ka) and basicity (Kb) components of Gutmann concept for refined
(DF188 and DF349) and unrefined (DF) samples as a function of surface coverage. Error bars

represent + 1 standard deviation, n=2.

In conventional production, MDF panels develop a characteristic density profile through
the thickness (vertical density profile); high density regions are produced near the panel

73-76

surfaces with a lower density material forming at the core’™"". Strongly coupled to panel

performance and created during hot-pressing, this vertical density profile arises from

73-74

viscoelastic phenomena and probably also mechano-sorption effects (strains amplified by

71 1t was of interest to determine

stresses acting during a change in moisture content)
whether aspects of fiber compaction and densification (related to the vertical density profile)
could be detected using a simple rotational rheometer. Consequently we applied a two-stage
sequential analysis: Stage-1, compaction, at room temperature where parallel-plates compress
specimens under a linear displacement to a maximum stress of ~ 1 MPa and; Stage-2,
densification, where the compressive normal force was reduced to 40 N (0.8 MPa) and a 1 Hz

torsional oscillation was applied while heating to 200°C. At high moisture levels (far exceeding

typical production conditions) all three sample types exhibited a similar degree of compaction
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over the 60 second acquisition period, Figure 2-6. Whereas at 10% moisture (industrially
relevant) the unrefined sample compacted substantially more than the refined samples.
Furthermore DF188 perhaps compacted slightly more than DF349, noting that the error bars
are smaller than the symbols in this figure. If DF188 did compact more than DF349, this would
seem contradictory to the measured bulk densities where the latter was about 36% more dense
than the former, Table 2-1. Perhaps fiber curling and kinking (caused by refining) affects
compaction without detectable effects in mercury intrusion measurements. This suggests that
that the bulk density results are a function of the measurement technique because it seems

that the compaction and bulk density results are in contradiction.
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Figure 2-6. Compaction analysis: percent parallel-plate gap as a function of applied normal
force for 10% and 75% moisture content (MC) refined (DF188 and DF349) and unrefined (DF)
samples over a 60 second period at room temperature. Maximum stress ~ 1 MPa. Average
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Such morphological details were not measured. But even if differences in fiber
morphology did affect the compaction depicted in Figure 2-6, apparently subsequent stress
relaxation resulted in no difference between the refined specimens. That conclusion is reached
because the refined samples exhibited the same storage moduli and (parallel-plate) gap
changes during the temperature ramp, Figure 2-7. Likewise the relative storage moduli and gap
changes indicated that the refined specimens densified more than the unrefined sample,
regardless of moisture content. For all sample types, densification was greatest at the highest
moisture level, as seen in the substantially higher storage moduli and the greater gap changes.
At the respective moisture contents mechano-sorption effects were revealed by the increase in
loss moduli corresponding to the increasing storage moduli caused by drying78, Figure 2-7. Note
that the normal stress applied in this sequential analysis (1-0.8 MPa) was approximately 40-30%
of the stress actually applied during MDF production4°, easily exceeding the linear compressive
response as seen in Figure 2-6.

The oscillation stress (Figure 2-7) was within the linear torsional response and so the
viscous loss accompanied by stiffening/drying was attributed to mechano-sorptive dissipation.
However at best this data must be qualified as not simply linear viscoelastic; specimen drying
occurred and the compressive normal force could feasibly couple with the torsional oscillation
in complex fashion. For instance, during heating the compressive normal force caused an
additional 20-30% gap reduction. Stress ramps conducted before and after the Figure 2-7
temperature ramps demonstrated that torsional oscillation was within the linear response; but
we cannot know if that was true during the densifying temperature ramp. Furthermore we are
suggesting that the gap changes themselves indicate mechano-sorptive effects that suggest
possible coupling of torsion and compression stresses. For example at 10% moisture, the initial
stiffening attributed to drying occurred near 40°C, and the corresponding gap change exhibited
a slope increase near this temperature. In other words the compressive strain rate increased
during the moisture loss corresponding to torsional stiffening, consistent with the definition of
mechano-sorption. At the higher moisture level two such events were observed: near 35°C the
storage moduli leveled-off and at 70°C a sharp stiffness increase occurred. Both stiffness

changes corresponded to increases in compressive strain rate (increasing slope in the parallel-
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plate gap change). Considering all aspects of Figure 2-7 it is clear that specimen moisture loss
may cause complex interactions of the two stress states, and so cautious interpretation must be
emphasized. Given that caution, Figure 2-7 does indicate mechano-sorption in both stress
modes. Furthermore the torsional storage moduli and compressive gap changes clearly
demonstrate specimen densification. Because mechano-sorption and fiber mat densification
are critical aspects of MDF manufacture, we are suggesting that this unusual rheological
approach may yet provide novel insight. Unfortunately, the conditions employed here only
distinguished refined and unrefined specimens. Perhaps the effects of refining energy could be
discerned with careful modifications of this method; modifications might include higher
temperature ramp rates and perhaps also compaction (Figure 2-6) conducted during heating

(Figure 2-7).
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Figure 2-7. Densification analysis during temperature ramp: comparison of moisture content
effects (10% and 75%) for refined (DF188, DF349) and unrefined (DF) samples. Left: Dynamic
moduli under linear torsional oscillation. Right: Parallel-plate gap change due to the nonlinear
compressive normal force. Average curves are presented; error bars represent + 1 standard

deviation, n=3; nonvisible error bars are smaller than symbols.
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2.5. Summary and conclusions

In cooperation with a North American MDF mill using Douglas fir feedstock, two
different refining energies (188 and 349 kWeh/ton) were used to produce resin and additive-
free specimens studied for novel aspects of fiber quality. These refining energies represent the
practical range commonly employed for production at this facility. The highest refining energy
produced relative reductions in fiber width and length, and an increase in bulk density, all
consistent with industry standard visual and tactile evaluations of fiber quality.
Thermoporosimetry revealed increases in sub-micron scale porosity, and this was greatest at
the higher refining energy. Mercury intrusion porosimetry (MIP) revealed porosity changes on a
higher dimensional scale, interpreted to reflect fiber lumens, inter-fiber voids, and the effects
of fiber damage. BET gas adsorption and MIP both demonstrated that refining increased the
fiber specific surface area, where the greatest effect was at the highest refining energy.
Consistent with these observations was that inverse gas chromatography revealed changes in
fiber surface chemistry. The lowest refining energy produced surfaces dominated by the effects
of lignin and extractives. In contrast, the highest refining energy produced substantially more
fiber damage and this perhaps resulted in more cellulose exposure, uncovering higher energy
active sites. These findings were generally consistent with the results of others, but the only
directly comparable effort utilized a pilot-scale refiner. Our results suggest that the bulk fiber
chemistry and also the fiber/resin interactions could be expected to vary between the low and
high refining energy fibers. These topics will be addressed in subsequent publications. Finally, a
novel rheological analysis was devised to probe aspects of fiber compaction and densification
as related to the development of the panel vertical density profile. The method appeared to
reveal mechano-sorptive dissipation and related aspects of fiber densification. The method
failed to distinguish densification characteristics of the respective fiber types studied, but we
suggest that the method merits further study for potentially novel insights.
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3.1. Abstract

Thermomechanical refining of Douglas fir wood caused substantial polysaccharide degradation,
and other degradative effects that sometimes correlated with higher refining energy. Lignin
acidolysis was detected using nitrobenzene oxidation, conductometric titration of free phenols,
and determination of formaldehyde extracted from dried fiber. Formaldehyde was generated
via the C2 lignin acidolysis pathway, but C3 cleavage was the dominant lignin reaction.
Observations suggested that in-line formaldehyde monitoring might be useful for process
control during biomass processing, perhaps indicating the C2/C3 pathway ratio with
implications yet unknown. Lignin acidolysis was not accompanied by repolymerization and
crosslinking: the lignin glass transition temperature (Tg) was reduced by refining, and
thermogravimetric analysis confirmed that T; reduction was due to lignin cleavage, and not
damage to the fibril network. Lignin repolymerization must have been prevented by the
reaction of benzyl cations with non-lignin nucleophiles, but identification of the corresponding
sugar-benzyl ether was not clear. This nevertheless raises consideration of additives that
compete for lignin benzyl cations, perhaps to promote lignin crosslinking and/or augment the
lignin network with structures that impart useful properties. The variety of chemical effects
detected here suggest that fiber/resin interactions might be affected by refining energy,
possibly impacting fiber composite properties.

KEYWORDS: Thermomechanical refining, Medium density fiberboard, Lignin acidolysis, Wood
fiber rheology,
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3.2. Introduction

Among the most common wood-based composites, medium density fiberboard (MDF) is
special because it is made from wood that is processed into individual cells (fibers). At roughly
3000 x 30 microns, length-to-diameter, these fibers are reconsolidated with thermosetting
adhesives such that inter and intra-fiber compaction produces very smooth, machine-moldable
surfaces that make MDF ideal for applications like cabinetry and decorative moldingsl. MDF is
normally manufactured with wood residues like chips, shavings, and sawdust. While processes
vary, a common MDF production sequence involves: 1) steam digestion and softening above
the glass transition, 2) refining, or rotary shearing between circular plates under steam
pressure, 3) blending with resin, wax, and other additives, 4) drying, and 5) mat formation and
hot-pressing. The objective is to process wood into isolated fibers, and refining promotes
cleavage in and around the middle lamella®. However transverse fractures also occur,
shortening the fibers, and producing sub-fiber fragments. Fiber separation is imperfect, and
refining conditions affect the occurrence of fiber bundles, which are collections of multiple
wood cells that fail to separate. Normally, greater quantities of fiber bundles (shives) are
associated with lower fiber quality®.

MDF fiber quality is most commonly evaluated by visual and tactile inspection3,
suggesting that average fiber length, the occurrence of shives, fiber morphology, and bulk
density are intrinsic indicators of fiber quality. Besides tree species“'7 , several production
variables affect fiber quality; these include digester and refining pressure® ¥ digester

L1415 refining temperature®, rotational speed of the refiner plates, and the gap

retention time
between refiner plates (changing as plates wear)'®. The most important production variable is
perhaps the refining energy (kWeh/ton of fiber)!’, which is controlled by the gap, or distance,
between refiner-plates. In a prior publication we described how refining energy affected
Douglas fir (Pseudotsuga menziesii) fiber dimensions, porosity, specific surface area, surface
chemistry, and rheological aspects of compaction and densification®. In a comparable effort
not using Douglas fir, Short and Lyon found that refiner-plate gap settings had no impact on

fiber pH, alkaline buffering capacity, and ash content; only the fiber size and bulk fiber density

were affected'®. This is in contrast to our observations here and elsewhere®, and the
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discrepancy speaks to a practical challenge in MDF research: it is very difficult to relate pilot-
scale refining (as for Short and Lyon™®) to industrial practice, and critical aspects of processing
vary substantially among industrial producers. In other words, wood fiber-based composites
like MDF are the most technologically and scientifically complex wood-based composites.

Considering the complex structure and chemical reactivity of wood, it is unlikely that all aspects
of fiber quality are reflected in visual and tactile inspections. Consequently, this effort is an
industry/university cooperation intended to seek other aspects of fiber quality that might affect
product performance or process efficiency. The context for this study was an industrial MDF
production facility processing Douglas fir; and the principal experimental variable was refining
energy via changes in gap settings. Our expectation is that refining energy will affect multiple
aspects of fiber chemistry and properties, and that these effects could be expected to alter the
fiber/resin interaction. Specifically however, this publication addresses how refining energy
affects fiber acidity, cellulose crystallinity, chemical composition (with emphasis on lignin), and

thermomechanical softening.

3.3. Experimental
Materials

Douglas fir (Pseudotsuga menziesii) refined and unrefined samples were collected at
Arauco’s MDF production facility in Eugene, Oregon, U.S.A. Normal production at this facility
uses Douglas fir particles (30% shavings, 70% sawdust) softened in a steam digester (0.77 MPa,
174°C, 3.5 min retention time). Steam digested material is sprayed with additives (urea and
wax), fed into a Sprout-Bauer SB150 thermomechanical refiner (0.77 MPa, 174°C, 1800
revolutions per min; disk configuration: spiral, 152 cm diameter). After passing through the
plant drying system, the fibers are resinated, formed and hot-pressed. For this research,
additive inlet valves were closed and fiber was processed so as to clear additives from the
system. Once clear of additives, and after the drying stage, fiber sampling occurred in an
emergency fiber-dump section (a fire safety feature of the plant). Collected specimens had a
moisture content of 5-6% (wet basis), and were identified as DF188 and DF349 corresponding

to the refining energies used: 188 and 349 kWeh/ton. These refining energies (adjusted by
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changing the refiner-plate gap) are the practical range for production at this facility; the low
and high refining energies produce “low” and “high” quality fiber as needed for commercial
production. Unrefined control specimens (identified as DF; moisture content ~25%) were
sampled from the production feedstock. All samples were collected in one day and sample
preparation (below) started on the following day. Besides two different refining energies, all
other production parameters were fixed. Fiber specimens were free of resin and additives.
Sample preparation

The unrefined sample (DF) was vacuum dried (0.10 mmHg, 25°C, overnight), ground by a
Wiley mill, screened (18-80 mesh) and vacuum dried (0.10 mmHg, 25°C, overnight). Refined
samples (DF188, DF349) were not milled, but similarly screened and dried as described. All
samples were then sealed/stored at room temperature.
Compositional analysis

Samples were soxhlet extracted (95% ethanol, 24 hours) and vacuum dried (0.10 mmHg,
25°C, overnight). Ethanol soluble extractives were quantified as described 9 Extractive-free
vacuum dried sample was subjected to compositional analysis for determination of structural
carbohydrates, soluble and insoluble lignin®. A Metrohm lon chromatograph was used for
sugar analysis (Hamilton RCX-30, 250-4.6 mm, column, DI water eluent: 1 ml/min, column
temperature: 32°C, pulsed amperometric detector) was used.
Water chemistry

A Metrohm 905 titrando autotitrator equipped with 856 conductivity module was used.
pH (Syntrode with Pt 1000) and conductivity (5-ring conductivity measuring cell with Pt 1000,
C=0.7 cm™ ) probes were calibrated using Fisher Scientific buffer solutions (pH of 2, 4, 7 and 10)
and Metrohm conductivity standard solution (100 uS/cm at 25°C) respectively. Vacuum dried
and un-extracted sample (0.5 g) was placed in saline water (ImM NaCl, 300 mL) and stirred
under N,. Initial pH was measured after the suspension was equilibrated (10 min). The
suspension was acidified with hydrochloric acid (0.1M, 2.6 mL) and equilibrated (15 min) prior
to conductometric titration. Weak acids were titrated with sodium bicarbonate (0.1 M) and
phenols were determined by difference after titrating separate specimens with sodium

hydroxide (0.1 M)
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Thermogravimetric analysis
TA Instruments Q-100 was used for thermal analysis. Thermogravimetric analysis (from
ambient to 600°C, 10°C/min) was conducted on vacuum dried and un-extracted samples (45-50

mg) in air (60 mL/min).

Nitrobenzene oxidation

The methods of Ohra et al.??, liyama®?, and Katahira and Nakatsubo®® were adopted.
Extractive-free vacuum dried sample (200 mg, 18-80 mesh) was placed in a stainless steel
reactor (10 x 2 cm, length X 1.D.) followed by sodium hydroxide (2M, 7 mL) and nitrobenzene
(0.5 mL). The reactor was tightly sealed (Teflon™ tape), placed in an oil bath (170°C, 160 min)
and shaken occasionally. The reactor was cooled to room temperature; the contents were
transferred and acidified to pH 2 (4 M HCI, 3mL). The organic phase was collected after
liquid/liquid extraction (chloroform, 6 X 30 mL). After drying (sodium sulfate), the chloroform
was removed by rotary evaporation and the residue was stored in a desiccator overnight. The
residue was transferred to a volumetric flask (50 mL) and filled to mark with internal standard
(0.2M acetovanillone in dichloromethane, 5 mL) and dichloromethane. From this an aliquot (2
mL) was derivatized using N,O-bis (trimethylsilyl)acetamide (10 uL), filtered (PTFE, 0.45 um) and
injected (1 pL) into an Agilent 7890 gas chromatograph (GC). The GC was equipped with a HP-5
5% phenyl methyl siloxane capillary column (30 m, 0.32 mm, lengthXI.D., 0.25 um film
thickness), a flame ionization detector with nitrogen (1 mL/min) carrier gas. GC conditions and
temperature profile were as described by Chen®. Calibration curves using vanillin and vanillic
acid standards were obtained in the concentrations of (0.04-2 mM for vanillin and 0.1-1 mM for
vanillic acid (solvent: dichloromethane). Response factors (vanillin: 0.857, vanillic acid: 1.441)
were calculated from the calibration curves and relative to the internal standard. Gas
chromatography-mass spectrometry (Agilent 6890 GC, 5973 MSD) was used to verify

chromatogram peaks.
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Formaldehyde content
The formaldehyde content of vacuum dried and un-extracted samples (about 30 mg)

was measured as described in the literature®®?’

. Besides the drying that occurred as part of
sample collection, no heat treatment was applied to the samples prior to formaldehyde
analysis.
Crystallinity

A D8 Bruker X-ray diffractometer with a Cu Ko radiation source (A = 0.154 nm)
generated at 40 kV and 40 mA was used. 2theta scan was performed from 10 to 50° at a scan
speed of 2.4 °/min, using a 1 mm slit. Vacuum dried and un-extracted sample was flattened on
a quartz slide (1-2 mm thickness) to collect the diffraction profile. Segalzs, deconvolution, and
amorphous subtraction methods were used to calculate percent crystallinity”. For
deconvolution, a Gaussian function was selected, five crystalline peaks (1-10, 110, 102, 200,
004*°) and one amorphous peak were assumed and curve fitting was conducted using least
squares fitting. For the amorphous subtraction method, the amorphous region was selected
and subtracted using Bruker DIFRAC plus EVA software.
Rheology

TA Instruments AR2000 was used for rheological analysis. Vacuum dried and un-
extracted sample (0.05 g) was dispersed in glycerol (15 mL), formed into a fiber mat (~5 mm
thickness, 8 mm dia.) by filtration into a mold. Compressive torsion solvent-submersion
dynamic mechanical analysis (DMA) was performed generally as described in previous studies®"
32 The fiber mat was placed between 8 mm diameter parallel-plates and subsequently
subjected to compressive-torsion DMA while immersed in glycerol as follows: Under a 10 N
clamping normal force, impose sequential heating and cooling ramps: equilibrate (30°C, 2 min),
temperature ramp (30-170 °C, 3°C/min, 15000 Pa,1Hz), equilibrate, (170°C, 2 min), temperature
ramp (170-30°C, 3°C/min, 15000 Pa, 1 Hz). The oscillation stress was within the linear
viscoelastic response, as determined using stress sweep experiments at 30°C and 170°C. DMA
was conducted such that the specimen was surrounded by a stainless steel cup that maintained
solvent immersion. An aluminum cover was used to reduce evaporative losses.

2D NMR (HSQC)
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Extractive-free vacuum dried sample were ball milled®® and screened (passed 325
mesh). Screened ball-milled powder (50 mg) was suspended into DMSO-d6/pyridine-d5 (4:1,
v:v, 1 mL) and magnetically stirred (4 hrs) until reaching visual homogeneity, then transferred
into NMR tube (5 mm, 600 MHz). NMR spectra were acquired on a Bruker Advance Ill A600
MHz equipped with triple resonance broad band (TBI) probe using Z gradient. An HSQC
experiment (heteronuclear single quantum correlation, pulse program: hsqcedetgpsisp2.2) was
performed with the following parameters: temperature: 24°C, number of scans: 96, relaxation
delay: 1 sec, acquisition time: 0.125 sec, number of increments: 512, spectral width (1H): 13.66
ppm, centered at 5.75 ppm, spectral width (*3C): 240 ppm, centered at 100 ppm. The central
solvent (DMSO) peak was used as an internal chemical shift reference point (6C: 39.52, &H:
2.50ppm). MNOVA was used for spectral processing and OriginPro was used for plotting. For
gualitative comparison the signal intensities were normalized based on the pyridine peak (6C:

135.91, 6H: 7.58ppm).

3.4. Results and discussion

Douglas fir samples are identified as DF188 and DF349 corresponding to the refining
energies used: 188 and 349 kWeh/ton (unrefined control: DF). Previously, we showed that fiber
damage and size reductions were associated with higher refining energy, as were increases in
porosity, specific surface area, and changes in fiber surface chemistrylS. As expected,
compositional analysis of ethanol-extracted samples revealed that bulk chemical changes also
resulted, Table 3-1. Among the neutral sugars analyzed, glucose and arabinose suffered the
greatest losses; but all sugars were degraded and the effects were greatest at the highest
refining energy. This degradation of cellulose and hemicellulose is consistent with other

3439 Relative to the control (DF), refining slightly increased insoluble lignin in DF188; but

reports
DF349 was no different from the control. In contrast, for soluble lignin, refining caused a slight
reduction, and the highest refining energy caused a substantial reduction, Table 3-1. Similar

43841 TFinally, refining increased

effects have been reported for soluble® and insoluble lignin
levels of ethanol extractives, but no difference was seen at the respective refining energies. The

increase in ethanol soluble extractives found here is similar to that reported under steam
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40-45

treatment and pressurized refining™ ™, and this is perhaps attributed to some delignification

34, 40, 46-47

during ethanol extraction . However, Table 3-1 does not clearly support this possibility,

and the increase in ethanol extractives might also relate to the sugar degradation.
Conductometric titration was used to measure weak acids and phenols, but discussion

of the latter appears below. Table 3-2 shows that refining increased fiber acidity, and more so

at the highest energy; but the increase in weak acids was the same at the respective refining

energies. These changes could be associated with the sugar degradation mentioned, and

48-50

perhaps also with ester cleavage in both hemicellulose and lignin carbohydrate complexes

36, 42, 53

(LCC)**®2. Others have also reported acid formation due to steam treatments and

44,54

refining™ >", and this increased acidity will catalyze wood polymer hydrolysis4’ 3,

Table 3-1. Compositional analysis of refined (DF188 and DF349) and unrefined (DF) samples (%

of dry extracted sample). Standard deviations in parentheses; n=3.

Sugars Lignin
Extractives
Glu Xyl Gal Arab Man Total Sol. Insol.
4449 412 269 095 1231 64.56 571 2731 3.33
DF

(0.37) (0.63) (0.10) (0.04) (0.70) (1.10) (0.13) (0.02) (0.00)

35.62 3.16 216 041 10.28 51.63 5.27 27.76 5.73
DF188

(2.24) (0.22) (0.19) (0.03) (0.61) (3.30) (0.09) (0.10) (0.34)

2534 210 150 024 735 36.53 3.64 27.38 5.23
DF349

(3.62) (0.32) (0.17) (0.03) (0.98) (5.13) (0.07) (0.22) (0.36)

Table 3-2. Fiber pH and weak acids of refined (DF188 and DF349) and unrefined (DF) samples.

Standard deviations in parentheses; n=10 for pH and 2 for weak acids.

Weak acids (umol / g dry

Specimen pH
sample)
DF 6.01 (0.01) 128.93 (0.02)
DF188 5.84 (0.01) 138.53 (0.45)
DF349 5.80 (0.01) 138.44 (0.10)
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The sugar degradation due to refining could be expected to appear in cellulose
crystallinity measurements. Figure 3-1 shows that the amorphous halo® decreased after
refining, and Figure 3-2 gives the corresponding percent crystallinity according to three
calculation methods, Segal, deconvolution, and amorphous subtraction. Among these
calculation methods, the relative values found here were consistent with other reportszg.
Furthermore, all calculation methods exhibited similar trends regarding the effects of refining

and refining energy, similar to related reports on the effects of refining pressure”.

8000 4

—DF
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Figure 3-1. Example X-ray diffraction data for refined (DF188 and DF349) and unrefined (DF)

samples; one measurement of three is shown.
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Figure 3-2. Percent crystallinity for refined (DF188 and DF349) and unrefined (DF) samples
calculated using Segal, deconvolution and amorphous subtraction methods. Error bars

represent + 1 standard deviation, n=3.

Given the extensive fiber damage demonstrated so far, we could also expect lignin
cleavage through acidolysis, and this was confirmed with nitrobenzene oxidation (NBO), by
determination of free phenols (conductometric titration), and by formaldehyde determination
through water extraction, Table 3-3 and Figure 3-3. This data is in units of umol/gram of dry
sample because NBO employed ethanol-extracted material, whereas un-extracted specimens
were used for the other two analyses. NBO yields benzaldehydes for more than just B-aryl
ethers®®™°, but these are by far the major reactants and for convenience the NBO discussion is
simplified to consideration of only B-O-4 linkages (B-aryl ethers). Refining caused a statistically
significant reduction in B-aryl ethers, but only about 6% for DF188 and 11% for DF349. The
higher refining energy appeared to cause more lignin cleavage but the effect was not highly
significant (p=0.06 between DF188 and DF349). Consistent with the lignin acidolysis

60-61. B-aryl ether cleavage generates free phenols and Table 3-3 indicates that

mechanism
refining increased phenol levels by about 42%, substantially greater than the corresponding
decrease in NBO vanillin yields. However, free phenol levels and NBO yields were respectively
obtained from un-extracted and extract-free samples; so a stoichiometric comparison is not
feasible. Both data sets are consistent with lignin acidolysis, as are the formaldehyde levels

measured in un-extracted samples. It seems as if all lignocellulosic organics can generate
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formaldehyde62, but lignin is most capable due to the structure of its benzyl cation, product of
the first step in lignin acidolysis, Figure 3-4. After formation of the benzyl cation, either C2
cleavage or C3 cleavage (as in C6C2 vs C6C3 products) can occur; the former produces
formaldehyde and both pathways generate a free phenol®’. Model compound studies have
demonstrated that different acid catalysts are highly selective for C2 or C3 cleavage63'65. These
model studies were predictive of catalytic effects in whole wood, but pathway selectivity was
much lower than observed in model compounds®. In the present case, unrefined samples
contained formaldehyde that perhaps originated from the living tree?’, but it could have been
absorbed from the environment as well. Upon refining, it appears that formaldehyde was
generated via lignin acidolysis, and fiber drying captured that lignin-derived formaldehyde in

the form of hemiformals, because dry lignocellulose retains formaldehyde®®®’

. Regarding the
impact of refining energy, DF349 contained significantly more formaldehyde than DF188, but
the formaldehyde generated in DF188 and DF349 accounted for only about 1% of the B-aryl
ethers cleaved as measured using NBO. In other words, C3 cleavage appears to have been
highly favored over C2 cleavage (this ignores any consumption of lignin benzyl cations due to

aromatic substitution, as is believed to occur®®

). Although not proven, it is probable that most
formaldehyde generated during refining originated from lignin acidolysis, and fiber drying
preserves the evidence since the corresponding hemiformals are stable in dried fiber. Using
simple water extraction, this biogenic formaldehyde is easily quantifiedzs. Formaldehyde
generation through lignin acidolysis raises the possibility of in-line formaldehyde
measurements’® for process control during biomass processing. Of course, C2 cleavage
(formaldehyde generation) is but one acidolysis pathway, and we do not yet understand how
the C2/C3 pathway ratio affects biomass properties. It is known that acid catalyst selection can
promote C2 cleavage®. In any case, it is feasible to consider in-line formaldehyde measurement
as potentially valuable for biomass processing. A possible complication (or perhaps
opportunity) for in-line formaldehyde monitoring is that formaldehyde generation potential can
be highly variable among different tree species, for reasons not yet understood?’. Finally the
observation of lignin acidolysis in this work is consistent with other reports involving steam

. 38, 40, 45-46, 71-72
processing .
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Table 3-3. Corrected vanillin yields from nitrobenzene oxidation using ethanol-extracted
specimens, and free phenol and formaldehyde levels in un-extracted specimens for refined
(DF188 and DF349) and unrefined (DF) samples. Standard deviations in parentheses; n=3 for

formaldehyde and nitrobenzene oxidation; n=2 for phenols.

Vanillin* Phenols Formaldehyde
Specimen
(umol/ g dry sample)
DF 394.2 (3.0) 167.5(0.2) 0.67 (0.03)
DF188 369.4 (5.8) 238.2 (1.1) 0.83 (0.04)
DF349 350.0 (11.3) 237.0(1.0) 0.95 (0.03)

* Corrected vanillin = vanillin + vanillic acid
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Figure 3-3. Corrected vanillin* (vanillin + vanillic acid) from nitrobenzene oxidation of ethanol-
extracted specimens; free phenols and formaldehyde measured in un-extracted specimens,
refined (DF188 and DF349) and unrefined (DF). Error bars represent + 1 standard deviation; n=3

for formaldehyde and nitrobenzene oxidation; n=2 for phenols; note the broken y-axis.
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Figure 3-4. The first step in lignin acidolysis is formation of the benzyl cation, left; thereafter B-
aryl ether cleavage can produce formaldehyde and a phenylacetaldehyde derivative (C2

Cleavage), or a phenylacetone derivative (C3 cleavage), both pathways generate a free phenol.

The properties of thermomechanical fibers are remarkably dependent upon wood

softening in the refiner” 774

, and chemical changes due to refining will likely affect fiber
compaction and densification in the hot-press. Consequently, it was of interest to observe the
lignin glass transition using solvent-submersion compressive-torsion rheology>". Specimen mats
were saturated in glycerol, compressed between parallel-plates and subjected to torsional
oscillation while immersed in glycerol, Figure 3-5. In contrast to water or ethylene glycol,

. . . 2,7
glycerol is a less effective wood swelling agent®* ”

, and here its use as a plasticizer provides a
crude approximation of moisture levels below fiber saturation. In the first heat, unrefined
samples (DF) exhibited a lignin glass transition temperature (T, temperature of tan &
maximum) of about 120°C, with a shoulder near 90°C (origin unknown, but a similar shoulder is
discussed®). Refined samples DF188 and DF349 exhibited lower Tg values, respectively 97°C
and 92°C, and the tan 6 signals were substantially narrowed and intensified. Upon cooling, the
Tg values were higher than in the 1* heat (due to additional Tg related swelling®'), but the Tg
values exhibited the same trend; and while the difference among refined specimens seems
negligible in Figure 3-5, the measured T, values are statistically distinct (p-value of 1** cool Te
values for DF188 vs DF349 = 0.01). Since the fiber densification occurring during MDF hot-

76-77

pressing is due to viscoelastic and probably also mechano-sorptive effects’®, these

rheological results indicate that refining energy will impact the evolution of density gradients in
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panels made at the respective refining energies. However, the heat and mass transfer in the
hot-press is so complex that it is very difficult, or not yet possible, to predict how these
rheological differences would translate into distinguishable panel properties. In fact for refined
and unrefined samples, the only readily apparent differences are the compaction and
densification potentialsls. For instance, in Figure 3-5 the low temperature storage moduli
(heating and cooling) are greater for refined specimens, and this is due to densification
(consistent with the correspondingly higher loss moduli in the same low temperature region). A
final point about fiber rheology relates to the implications of lignin acidolysis discussed above.
Lignin acidolysis is commonly associated with repolymerization (a.k.a “condensation”), the
formation of carbon-carbon linkages and overall increasing crosslink density in lignin’s well-

known self-healing tendency?*®*’ 3 72 7880

. The reduced Ty values resulting from refining
strongly suggest that acidolysis occurred without lignin repolymerization, and this is
noteworthy considering that much of lignin’s recalcitrance in biorefinery technologies is
associated with repolymerization to create more carbon-carbon Iinkagessg, However, some
caution is required with this interpretation. The reduced lignin T, was conceivably caused by the
substantial polysaccharide degradation demonstrated above. It is known that in situ lignins can

81-82 imposed by the highly organized polysaccharide fibrillar

exhibit a great deal of orientation
network (however this is apparently most common in hardwoods®). In other words, the lignin
glass transition is conceivably affected by restrictions imposed by the fibril network, and

substantial fibril damage might in fact cause a reduction in the lignin T.
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Figure 3-5. Dynamic mechanical analysis (torsional oscillation, 1 Hz, while under 10 N
compressive force) for glycerol-plasticized samples; refined (DF188 and DF349) and unrefined
(DF). Top: 1°" heating ramp, bottom: 1% cooling ramp. Average curves are presented; error bars

represent £ 1 standard deviation, n=3; nonvisible error bars are smaller than symbols

However, thermogravimetric analysis (TGA) suggested that lignin in refined samples did
not undergo repolymerization, Figure 3-6. This interpretation extends from Martin-Sampedro et
al. (2011) who showed compelling evidence for the use of TGA as an indicator of lignin
repolymerization and crosslinking. They demonstrated that steam explosion of Eucalyptus
globulus chips caused substantial reductions in B-aryl ether content, and that the corresponding
increases in lignin degradation temperature (via the derivative weight, %/°C) were due to lignin
repolymerization and crosslinking. Figure 3-6 shows that refined samples exhibited significant
reductions in lignin degradation temperature, and besides the findings of Martin-Sampedro et

al. (2011), the fundamental application of TGA®** suggests that cleavage, not repolymerization,
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was the ultimate fate of lignin acidolysis in this work. This conclusion is consistent with the
rheology discussed above, and with HSQC NMR that showed no evidence for repolymerization
in the aromatic region, Figure 3-7 (evidence would be broadening of existing signals and
appearance of new signals, all in the 6.5 — 6.7 ppm range) ®. Given the lignin acidolysis that was
detected here, it is likely that lignin benzyl cations were consumed by non-lignin nucleophiles,
perhaps sugars or sugar degradation products. This scenario is similar to naturally occurring
lignin carbohydrate complexes (LCC) known to occur as benzyl ethers via sugar primary
hydroxyls. Benzyl ether LCC chemical shifts have been established with model compounds 8
and applied in HSQC spectra ®’. A tentative identification of the benzyl ether LCC was made
here, Figure 3-8, where in refined samples very weak signals were detected at or near the
expected chemical shifts. Figure 8 displays the lowest contours, below which noise becomes
problematic. Considering that LCC's are detected in isolated lignins, and not whole tissue
preparations as used here, it is clear that the benzyl ether identification made here is highly
tentative. If they did form, it is again noteworthy that the lignin T, was reduced in refined
samples, suggesting that the lignin softening relaxation is not affected by fibril network
constraints. Regardless of the LCC detection, discussion of lignin benzyl cation reaction raises
consideration of the addition of nucleophiles that might compete for benzyl cations (during
refining or during subsequent hot-pressing) thereby resulting in useful functionalities that could
improve panel properties. Similar strategies have been demonstrated in biofuels research
where additives capture lignin benzyl cations, preventing repolymerization and improving

1. 72 However and precisely opposite the intention for biofuels production,

delignification
various nucleophiles might be added to promote lignin crosslinking and/or augment the lignin

network with structures that impart useful properties in fiber composites.
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of refined (DF188 and DF349) and unrefined (DF) samples.
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region) of refined (DF188 and DF349) and unrefined (DF) samples. Red cross indicates the
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3.5. Summary and conclusions

As part of an industry/university cooperation, a North American medium density
fiberboard (MDF) plant was the setting to study refining energy effects on bulk chemical and
rheological behavior of Douglas fir feedstock. Normal production at this facility involves only
two energy levels controlled by refiner-plate gap settings. Refining caused substantial
polysaccharide degradation and increased acidity, more so at the highest energy. A
corresponding crystallinity increase was observed, but with no dependence on refining energy.
Lignin acidolysis was detected using nitrobenzene oxidation, conductometric titration of free
phenols, and determination of formaldehyde extracted from dried fiber. Formaldehyde was
produced via the C2 lignin acidolysis pathway, but the low levels generated indicated that C3
cleavage was the dominant lignin reaction. These observations suggested that in-line
formaldehyde monitoring might be useful for process control during biomass processing. Prior
efforts demonstrated that the C2/C3 pathway ratio can be manipulated, but we do not yet
understand the implications for biomass properties. Lignin acidolysis is commonly accompanied
by repolymerization and crosslinking, but not in this study. The lignin glass transition
temperature (T,) was reduced by refining, and thermogravimetric analysis confirmed that the T,
reduction was due to lignin cleavage, and not damage to the surrounding fibril network. Lignin
repolymerization must have been prevented by the reaction of benzyl cations with non-lignin

nucleophiles, but in the case of sugar primary hydroxyls no clear evidence was found.
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Nevertheless, this raises consideration of additives that compete for lignin benzyl cations,
perhaps to promote lignin crosslinking and/or augment the lignin network with structures that
impart useful properties. Finally, the variety of chemical effects detected here suggest that
wood fiber/resin interactions might be affected by refining energy, possibly impacting MDF

panel properties.
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4.1. Abstract

As part of an industry/university cooperation, a North American medium density fiberboard
(MDF) plant was the setting to study refining energy effects on fiber/amino resin interaction,
using differential scanning calorimetry (DSC) and X-ray diffraction (XRD). All fiber types, refined
and unrefined, caused only a slight increase in melamine-urea-formaldehyde (MUF) resin
reactivity. Generally, all fiber types decreased the enthalpy of MUF cure, suggesting fiber
absorption of small reactive species. But DSC did not reveal any dependency on fiber refining
energy. According to XRD, all fiber types reduced crystallinity in cured MUF, more so with
refined fiber, but independent of refining energy. The crystallinity in cured urea-formaldehyde
resin was studied with one fiber type (highest refining energy); it caused a reduction in
crystallinity that was cure temperature dependent. This suggests that resin crystallinity could
vary through the thickness of an MDF panel, with possible effects on bond-line strength and
formaldehyde emission (hydrolytic stability).

KEYWORDS: Thermomechanical refining, Medium density fiberboard, Amino resin cure

behavior, Amino resin crystallinity,

4.2. Introduction
When cured in the presence of wood or wood fiber, the structure and properties of
thermosetting resins are substantially different from when they are cured alone™*? Such

wood/resin interactions may be attributable to many effects, including fiber absorption of
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water (or other solvents)lo, and also resin monomers, dimers, and trimers. Wood/fiber acidity

and buffering capacity can interfere with resin catalysis® !

, and specific fiber/resin
secondary interactions could alter localized resin-network structures, perhaps even affecting
the incidence of primary fiber/resin bonding. In fiber composites like medium density
fiberboard (MDF), the potential for fiber/resin interactions is likely greater, and probably the
most difficult to study because of variations in refining. For instance, in prior work we studied
the influence of refining energy on Douglas fir (Pseudotsuga menziesii) fiber dimensions and
acidity, surface area and porosity, surface and bulk chemistry, as well as crystallinity and

1314 ‘Many of these properties were affected by refining energy, but in a comparable

rheology
effort, not using Douglas fir, Short and Lyon found that refining energy only affected fiber size
and bulk density™. The discrepancy speaks to a practical challenge in MDF research: it is very
difficult to relate pilot-scale refining (as for Short and Lyon15) to industrial practice, and critical
aspects of processing vary substantially among industrial producers. In other words, wood
fiber-based composites like MDF are the most technologically and scientifically complex wood-
based composites. Consequently, this work represents an industry/university cooperation to
determine whether and how fiber/resin interactions are affected by refining energy (kWeh/ton
of fiber). The context for this study was an industrial MDF production facility processing
Douglas fir; and the principal experimental variable was refining energy via changes in refiner-

plate gap settings. This publication addresses how fiber refining energy affects amino resin cure

and crystallinity.

4.3. Experimental
Materials

Douglas fir (Pseudotsuga menziesii) refined and unrefined samples were collected at
Arauco’s MDF production facility in Eugene, Oregon, U.S.A. Normal production at this facility
uses Douglas fir particles (30% shavings, 70% sawdust) softened in a steam digester (0.77 MPa,
174°C, 3.5 min retention time). Steam digested material is sprayed with additives (urea and
wax), then fed into a Sprout-Bauer SB150 thermomechanical refiner (0.77 MPa, 174°C, 1800

revolutions per min; disk configuration: spiral, 152 cm diameter). After passing through the
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plant drying system, the fibers are resinated, formed and hot-pressed. For this research,
additive inlet valves were closed and fiber was processed so as to clear additives from the
system. Once clear of additives, and after the drying stage, fiber sampling occurred in an
emergency fiber-dump section (a fire safety feature of the plant). Collected specimens had a
moisture content of 5-6% (wet basis), and were identified as 188 and 349 corresponding to the
refining energies used: 188 and 349 kWeh/ton. These refining energies (adjusted by changing
the refiner-plate gap) are the practical range for production at this facility; the low and high
refining energies produce “low” and “high” quality fiber as needed for commercial production.
Unrefined control specimens (identified as DF; moisture content ~25%) were sampled from the
production feedstock. All samples were collected in one day and sample preparation (below)
started on the following day. Besides two different refining energies, all other production
parameters were fixed. Fiber specimens were free of adhesive and additives.
Melamine-urea-formaldehyde (MUF, 65% solid content, F/U+M mole ratio=0.90,
pH=8.0-8.8, 2% melamine based in liquid weight) and urea-formaldehyde (UF, 65% solid

content, F:U mole ratio=0.95, pH=7.5-8.5) were industrial resins used in MDF production.

Fiber sample preparation

The unrefined sample (DF) was vacuum dried (0.10 mmHg, 25°C, overnight), ground by a
Wiley mill, screened (18-80 mesh) and vacuum dried (0.10 mmHg, 25°C, overnight). Refined
samples (188, 349) were not milled, but similarly screened and dried as described. All samples

were then sealed/stored at room temperature.

Fiber acidity and buffering capacity

A Metrohm 905 titrando autotitrator was used. The pH probe (Syntrode with Pt 1000)
was calibrated using Fisher Scientific buffer solutions (pH of 2, 4, 7 and 10). Vacuum dried, un-
extracted sample (0.5 g) was placed in saline water (1mM NaCl, 300 mL) and stirred under N,.
Initial pH was measured after the suspension was equilibrated (10 min). Using separate samples
acid and alkaline buffering capacities were respectively determined by adding NaOH (0.02 M)
and HCl (0.02 M) until the suspension pH reached 10 or 3.
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Preparation of resin/fiber mixtures

“Filtered mixtures” refer to resin/fiber mixtures, where fiber was removed by filtration,
and the collected resin was analyzed in the absence of fiber. “Unfiltered mixtures” refer to
resin/fiber mixtures, analyzed as mixtures of resin plus fiber. Filtered mixtures were only
prepared with the MUF resin:
MUF (10 g) was added to fiber (0.5 g) in a vial, mixed using a glass rod, and vacuum was applied
(50mBar, 45 min) opened to atmospheric pressure, and the contents were centrifuged (5000
rpm, 10 min), then filtered (Nylon syringe filter, 1 um pore size) to collect the resin for analysis.
Unfiltered mixtures (5 g of resin added to 0.5 g of fiber) were simply mixed with a glass rod
without use of vacuum impregnation. Filtered mixtures and unfiltered mixtures are identified
with resin/fiber designations such as MUF/DF (MUF resin and unrefined fiber), MUF/188 (MUF
resin and fiber refined at 188kWeh/ton), and UF/349 (UF resin and fiber refined at 349
kWeh/ton). Neat resins (without fiber) were typically also subjected to filtration as a control
treatment, and are referred to as “neat resin-filtered”, otherwise they are identified as “neat

resin-unfiltered.”

Resin cure

A TA Instruments Discovery differential scanning calorimeter (DSC) was used with
specimens in hermetic pans or high volume pans. Hermetic pans were used when greater
accuracy was desired, as for low enthalpy curing events (melamine cure, defined below), and
for precise determination of the onset of the major MUF resin curing event. For each of these
cases, 2-5 mg of sample (neat resin-filtered; or filtered mixture) was sealed in a hermetic pan
and analyzed (isothermal at 30°C for 5min, 30-120°C, 3°C/min). High volume pans were used to
measure the total enthalpy of MUF cure, and the kinetics of this event: 25-30 mg of sample
(neat resin-filtered; or filtered mixture) was sealed in a high volume pan and analyzed for
enthalpy (isothermal at 30°C for 5min, 30-160°C, 3°C/min), or for kinetics (heat to 175°C, with
heating rates of 2, 5, 8, 10 and 12°C/min). Activation energy calculations were conducted as
described in ASTM E698-11 standard™® (Appendix F). The DSC was calibrated for both hermetic

and high volume pans using indium standard. TA instruments Trios v3.2.0 software was used for
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data collection and calculations. Cure onset (major endotherm using hermetic pans) was
defined as the temperature at which the extended baseline from melamine cure intersected

the straight line defined by the leading edge of the major endotherm.

Resin crystallinity

A D8 Bruker XRD with a Cu Ka radiation source (A = 0.154 nm) generated at 40 kV and 40
mA was used. 2theta scan was performed from 10 to 50° at a scan speed of 2.4 °/min, a 1 mm
slit. Sample (~1 g, MUF filtered mixture, or MUF unfiltered mixture, or UF unfiltered mixture, or
MUF neat resin-filtered or unfiltered, or UF neat resin-unfiltered) was spread on a petri dish,
cured (UF neat resin-unfiltered or UF unfiltered mixture: 100°C, 5 h and 170°C, 10 min, for MUF
neat resin-filtered or MUF filtered mixture, or MUF unfiltered mixture: 100°C, 5 h), cooled in a
desiccator and ground using mortar and pestle. Ground sample was flattened on a quartz slide
(1-2 mm thickness) to collect the diffraction profile. Bruker DIFRAC plus EVA software was used

for data collection.

4.4. Results and discussion

Previously, we showed that increasing refining energy from 188 to 349 kWeh/ton,
reduced fiber size, increased porosity and specific surface area, and also changed fiber surface
chemistry13. Refining also caused changes in bulk fiber chemistry, with substantial
polysaccharide degradation and increasing fiber acidity, more so at higher refining energy.
Lignin acidolysis was also caused by refining, reducing B-0O-4 linkages, increasing free phenols,
and generating formaldehyde; but lignin repolymerization did not occur **. These refining
effects are consequential and could be expected to alter fiber/resin interactions. When
studying fiber/MUF resin interactions via differential scanning calorimetry (DSC), it was
necessary to use both hermetic and high volume sample pans, Figure 4-1. When using hermetic
pans (left axis of Figure 4-1), MUF resins exhibited two curing endotherms, a small event near
74°C (for convenience referred to as “melamine cure”) and a large event with onset near 100°C.
Consequently, hermetic pans were used to measure the enthalpy of melamine cure, and the

onset temperature of the major endotherm. In contrast, analysis with high volume pans (right
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axis of Figure 4-1) did not resolve two endotherms, and this method was used to measure the

total enthalpy of MUF cure, and the kinetics.
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Figure 4-1. Example DSC thermograms for neat resin (MUF resin-filtered) using hermetic sample
pans (left axis) and high volume pans (right axis); endotherm enthalpies indicated. Hermetic
pans were used to measure the enthalpy of the minor endotherm (melamine cure, see text)
and the onset of the major endotherm; high volume pans were used to measure the total

enthalpy of cure, and well as the kinetics

Figure 4-2 summarizes the enthalpies and cure onset measured in MUF (neat resin-
filtered) and in MUF filtered mixtures (fiber removed). Regarding the enthalpy of melamine
cure, and relative to neat resin, the unrefined fiber (MUF/DF) had no significant impact,
whereas the refined fibers did; but the enthalpy reductions were independent of refining
energy (MUF/188, MUF/349). As for the total enthalpy, relative to neat resin all fiber types
caused a reduction, but the effects of refining energy were unclear. Similarly for the cure onset
(major endotherm using hermetic pans), all fiber types reduced the onset, but the effects of
refining were not significant (statistical labels in Figure 4-2 using 95% confidence level).

Decreases in resin cure enthalpy in the presence of wood have been reported for UF'® and
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phenol formaldehyde (PF)'’ resins; which is generally consistent with findings for all fiber types

used here.
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Figure 4-2. Cure enthalpies and onset temperatures for neat MUF resin-filtered, and for filtered
mixtures (no fiber) using unrefined fiber (MUF/DF) and refined fiber (MUF/188, MUF/349).
Error bars represent + 1 standard deviation; n=3; lower case statistical labels according to 95%

confidence.

Not shown is that none of the fiber types, refined or unrefined, affected cure kinetics; all
measurements revealed an activation energy of about 102 kJ/mole, which is contrast to other
similar reports > * "%, According to the cure onset data, the addition of any fiber seems to have
caused only a very slight increase in reactivity (which is not consistent with the literature »* %
™). This is unexpected since refining increased acidity (catalytic for MUF), and more so at the
highest refining energy, Table 4-1. On the other hand, the acid catalytic effect may have been
offset by the measured increase in alkaline buffering capacity (the resistance to added HCI),
Table 4-1. Relative to the neat resin, the reductions in cure enthalpy imply a reduced degree of
resin cure (a major reduction in enthalpy might suggest a fundamental change in resin
character; but that did not happen- the activation energy of cure was unaffected by any fiber

type). It is not clear how water absorption into fiber would reduce the enthalpy of cure.

Instead, the absorption of very low molecular weight resin might alter the resin stoichiometry
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and reduce the enthalpy of cure. Under this scenario the melamine enthalpy might be
dominated by highly reactive, low molecular weight compounds, because refined samples
exhibited an increase in sub-micron scale porosity 13 and the melamine enthalpy was the only
cure parameter clearly affected by refining. Besides the absorption of water and/or low
molecular weight resin into fiber, the reaction between lignin phenols and/or fiber extractives
could affect resin cure *°. Consequently, the higher free phenol levels in refined fiber (due to
lignin acidolysis *®) might also explain the changes in MUF cure observed here. Refining also
increased the formaldehyde content of the fiber ( measured at ~0.89 umol/g fiber %), but the
formaldehyde mole ratio (resin/fiber) in the DSC specimens was at least 180,000, suggesting

that fiber formaldehyde would have no detectable impact on resin cure.

Table 4-1. Fiber pH, acid and alkaline buffering capacities of refined (188 and 349) and

unrefined (DF) samples. Standard deviations in parentheses; n=10 for pH and 2 for buffering

capacities.
Specimen pH Acid buffering capacity (mmol Alkaline buffering capacity
of NaOH/g sample) (mmol of NaOH/g sample)
DF 6.01 (0.01) 0.42 (0.00) 0.77 (0.00)
188 5.84 (0.01) 0.45 (0.00) 0.79 (0.00)
349 5.80 (0.01) 0.44 (0.00) 0.80 (0.00)

The amino resins used to manufacture MDF exhibit crystallinity in the cured state, and
fiber/resin interactions might be expected to affect this important property. Once cured, MUF
neat resin-filtered exhibited a major X-ray diffraction (XRD) peak at 26=22.75° with less
pronounced peaks at 25°, 32°, and 42°, similar to what has been reported for UF 91921 The
MUF used here contained only 2% melamine (on total wet resin mass), so XRD similarity to that
published for UF is reasonable. In UF resins, crystallinity in the cured state is promoted by lower

F:U mole ratios > 2°%

, which are recently the overwhelming industrial trend to reduce
formaldehyde emissions. Qualitatively relative to neat MUF, Figure 4-3 shows that 20 peaks at

22.75° and 25° were reduced in intensity for MUF/DF, and more so for MUF/188 and MUF/349.
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Furthermore, the peaks at 20 =32° and 42° were substantially reduced in both refined samples
(MUF/188 and MUF/349). Note that these were MUF filtered mixtures, and no wood fiber was

present during XRD.
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Figure 4-3. XRD 20 scans of cured resin specimens: neat MUF resin-filtered, and MUF filtered
mixtures (no fiber) using unrefined fiber (MUF/DF) and refined fiber (MUF/188, MUF/349). One

measurement of three is shown.

In Figure 4-4, the XRD of MUF/349-unfiltered mixture is compared to MUF/349-filtered
mixture (respectively scanned with and without fiber present). When fiber was present during
XRD, cellulose | peaks were detectable near 20 = 15° and 34°, and the major peak at 20 = 23°
was buried within the major MUF signal. Otherwise, the MUF signals were quite similar for the
respective specimens where MUF/349-unfiltered mixture exhibited reduced intensity at 20 =
22.75° and 25°. The crystallinity reductions shown in Figures 4-3 and 4-4 might have arisen from
fiber absorption effects mentioned previously, but specific secondary interactions with fiber
surfaces could also play a role. Previously we showed that 188 fiber surfaces were more
hydrophobic than unrefined fiber (DF), and that the greater damage imposed upon 349 fiber
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may have exposed a greater number of high energy surface sites 13 Whatever the true cause, it
is apparent that fiber can reduce resin crystallinity and that the effect appears to have a
dependence on refining energy. These results are consistent with other reports 59 however
Pizzi reported that UF resins became completely amorphous when cured in the presence of

wood %,

18000 -
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20

Figure 4-4. XRD 26 scans of cured resins: MUF/349-filtered (no fiber) and MUF/349-unfiltered

(with fiber present). One measurement of three is shown.

Figure 4-5 shows XRD scans for neat UF resin-unfiltered, and for UF/349 unfiltered
mixture prepared with two different curing conditions: 1) at 170°C for 10 min, and 2) 100°C for
5 hours. The brief 170°C condition simulates hot-press exposure for MDF panel face layers
(contacting the platen), whereas the prolonged 100°C condition simulates the central core layer
(never as hot as the face layer) that remains hot for long periods after removal from the hot-
press. Under both cure conditions, 349 fiber caused a reduction in UF resin crystallinity, and in
the case of the 170°C condition it appeared as if the lattice spacings were also changed.
Perhaps most notable is that the respective curing conditions resulted in substantially different

degrees of crystallinity, suggesting that bondline properties will vary through the thickness of
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an MDF panel, as suspected. We might also predict that MDF panel face layers will exhibit
greater formaldehyde emission since the reduced crystallinity should allow greater access for
moisture and resin hydrolysis. These results are generally consistent with prior reports 2 1t
should be noted that for both specimens cured at 170°C, an unknown peak occurred at
20~27.5°. It is known that resin crystallinity can affect adhesive strength9 and resin
formaldehyde emission™®. Effects such as low cross-link density27, high brittleness®, or high
residual stress® can also reduce adhesion strength. Increasing the F/U mole ratio will increase
crosslink density27 and decrease crystallinity 21 Under these scenarios, one could argue that
increasing crystallinity could have positive or negative effects on adhesion strength and

formaldehyde emissions’ 1> but a more detailed study would be required to determine this.
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Figure 4-5. XRD 20 scans of neat UF resin-unfiltered and UF/349 unfiltered mixture cured at

100°C, 5h and 170°C, 10 min. One measurement of two is shown.

4.5. Summary and conclusions
A North American medium density fiberboard (MDF) plant was the setting to study

refining energy effects on fiber/amino resin interaction, using differential scanning calorimetry
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(DSC) and X-ray diffraction (XRD). All fiber types, refined and unrefined, caused only a slight
increase in melamine-urea-formaldehyde (MUF) resin reactivity. Generally, all fiber types
decreased the enthalpy of MUF cure, suggesting fiber absorption of small reactive species. But
DSC did not reveal any dependency on fiber refining energy. According to XRD, all fiber types
reduced crystallinity in cured MUF, more so with refined fiber, but independent of refining
energy. The crystallinity in cured urea-formaldehyde resin was studied with one fiber type
(highest refining energy); it caused a crystallinity decrease that was cure temperature
dependent. This suggests that resin crystallinity could vary through the thickness of an MDF
panel, with possible effects on bond-line strength and formaldehyde emission (hydrolytic

stability).
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Chapter 5 Conclusions and future work

Several analytical/synthetic and characterization tools were used to study the effect of
refining energy on wood fiber physical and chemical characteristics; also the interaction
between wood fibers and amino resins was investigated. These analyses were conducted to
determine aspects of fiber quality that might impact MDF properties or process control
efficiency, specific to a single industrial facility.

In Chapter 2 various physical properties of Douglas fir fibers were studied as well as the
fiber surface chemistry; also a novel rheological method was developed for studying fiber
compaction and densification. The highest refining energy produced smaller fiber dimensions,
and increased fiber bulk density. Highest refining energy also increased the porosity and surface
area of the fibers. Thermoporosimetry revealed increases in sub-micron scale porosity while
(MIP) revealed porosity on a higher dimensional scale. BET gas adsorption and MIP were used
for measuring the surface area. Inverse gas chromatography revealed changes in fiber surface
chemistry. The lowest refining energy produced surfaces dominated by the effects of lignin and
extractives. In contrast, the highest refining energy produced substantially more fiber damage
and this perhaps resulted in more cellulose exposure, uncovering higher energy active sites.
The rheological method appeared to reveal a mechano-sorptive effect and related aspects of
fiber densification.

Chapter 3 focused on the effect of refining on fiber bulk chemistry and lignin chemistry
was studied in detail. Refining caused substantial polysaccharide degradation and increased
fiber acidity, more so at the highest energy. A corresponding crystallinity increase was
observed, but with no dependence on refining energy. Lignin acidolysis was detected using
nitrobenzene oxidation, conductometric titration of free phenols, and determination of
formaldehyde. It was revealed that C3 cleavage was the dominant pathway in lignin acidolysis.
Both dynamic mechanical analysis and thermogravimetric analysis showed that lignin
condensation reactions did not occur during lignin acidolysis. This was a very interesting finding
since it is well known that both repolymerization and depolymerization occur simultaneously

during lignin acidolysis. 2D NMR HSQC showed that the reaction of benzyl cations with non-
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lignin nucleophiles (carbohyrates) might be the reason for not observing lignin
repolymerization.

Chapters 2 and 3 revealed changes in fiber physical and chemical characteristics because
of refining. In Chapter 4 the interaction between fibers/resin was studied. It was found that the
onset of cure for melamine portion of MUF was detectable. It was revealed that both unrefined
and refined samples had effect on resin cure. Refining reduced the onset and enthalpy of MUF
cure however no big difference was observed between two refining energies. Refining was
shown to have no effect on the curing activation energy. The crystallinity of MUF resin was
studied in two ways, 1) MUF was in contact with fiber then filtered and cured, and 2) MUF was
in contact with fiber and cured without filtration. In both cases, cured neat MUF had higher
crystallinity compared to cured MUF that was in contact with both unrefined and refined
samples and in both cases refining reduced the MUF crystallinity more. In other words, both
filtered and unfiltered MUF resins which were in contact with wood/fiber showed similar
crystallinity results. Finally it was revealed that UF cured at higher temperature and shorter
time had lower crystallinity than UF cured at lower temperature and longer time. The effect of
fiber on UF crystallinity was similar to that on MUF.

The fiber characteristics measurements conducted in this research can lead to practical
findings. For example wood formaldehyde measurement does suggest that on-line
formaldehyde monitoring might be useful for real-time process control in all type of biomass
processing. However it is not known how cleavage pathways in lignin acidolysis affect fiber
properties; this topic will require much more research. Also it was found that repolymerization
did not occur during lignin acidolysis which might suggest that lignin repolymerization and
depolymerization reactions could be manipulated during refining and hot-pressing, which can

be very practical for industrial applications.
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Appendix A Thermoporosimetry

The relationship between pore diameter and freezing bound water depressed melting point
temperature is described by the following Gibbs-Thomson equation 1,

—4TyY s COS O

1)D =
) (To—Tm)pHf

D is the average pore diameter, Ty is the melting temperature of bulk water, T, is the freezing
bound water depressed melting point temperature, 6 is the contact angle between ice and pore
wall, y;s is the surface energy of ice/water interface, p is the water density, and Hs is the specific
melting enthalpy of water.

Using differential scanning calorimetry, depressed melting point temperatures were set
arbitrarily in an isothermal step scan procedure, Figure B-1. From each step the amount of
melting freezing bound water was measured. First step (-30 to -20°C) was used for measuring
the sensible heat (applied heat that was not used for melting the bound water) and it was
assumed that no melting occurred at the first step.

0251 pF3a9 1°
0.20 4
4-10
0.154
0.10- 4 -208
S 0.054 o
= 4-30 2
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= " IDF Qo
© 0.20+ o =
T - - ()
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0.104 4-20
0.054
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Time (min)
Figure 0-1. Example of isothermal step scan procedure used in differential scanning calorimetry.
Top: DF349; bottom: DF. (DF has less porosity than DF349)
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Appendix B BET gas adsorption
Specific surface area measurement
For measuring the specific surface area of vacuum dried and freeze dried samples Kr gas
was used and for solvent-exchanged dried samples N, gas was used. The isotherm plots for
vacuum dried sample using N, and Kr is shown in Figure C-1. As can be seen the shape of N,
isotherm was not reasonable therefore Kr was used for measuring specific surface area of
vacuum dried and freeze dried samples. Kr due to its lower vapor pressure than N, gas is more

sensitive for measuring samples with low surface area.
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Figure 0-1. Kr (left) and N2 (right) isotherm plots for vacuum dried fiber
Following BET equation and plot were used for calculating specific surface area of the samples.
The slope and intercept of the plot was used for calculating W, which was used for specific

surface area calculation as shown below. 1004 Intercept:361.34
Slope:3730.43

R°=0.996

1 1 C-10p 1400 -

w ((%) 1) Wl Wl po 1200
= 1000
Where: N
E 800 4
P: Gas equilibrium pressure s 600 -
PO: Gas saturation pressure 400 -
W:  Weight of adsorbed Gas 200+
0

000 005 010 015 020 025 030 0.35

108 Relative Pressure (P/P0)



Wm: Weight of monolayer adsorbed Gas

C: BET constant

1
- Slope+Intercept

m

Wm.N.Acs
M

Total surface area=

Total surface area

Specific surface area: -
Fiber mass

Where:
N=Avogadro’s number
M=Molecular weight of gas

Acs: Gas Cross-sectional area

The effect of drying method on specific surface area is shown below (Figure C-2). Specific
surface area of solvent-exchange dried samples was significantly higher than freeze-dried and
vacuum dried samples. Freeze dried samples also had higher surface area compare to vacuum
dried samples. Surface tension effects in solvent-exchange drying prevented void collapse, as it
has been state in the literature™. Scanning electron microscope images of solvent-exchange

dried sample versus vacuum dried are shown in Figure C-3.
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Figure 0-2. Left: specific surface area of vacuum dried and freeze dried unrefined (DF) and
refined (DF250 and DF320, refined at 250 and 320 kWeh/ton respectively); right: specific
surface area of freeze dried and solvent-exchange dried unrefined (DF) and refined (DF188 and

DF349, refined at 188 and 349 kWeh/ton respectively)
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Figure 0-3. Scanning electron microscope of vacuum dried (top) and solvent-exchange dried

Douglas fir fibers
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Appendix C Conductometric titration

Conductometric titration was used for determining the amount of weak acids and
phenols. Weak acids were titrated with sodium bicarbonate (0.1 M) and phenols were
determined by difference after titrating separate specimens with sodium hydroxide (0.1 M). An
example of conductometric titration graph used for determining weak acids and phenols is
shown below.

Conductometric titration consists of 3 phases:

1) The conductivity of the suspension decreases due to neutralization of excess acid groups
(excess acid was added to protonate all the weak acids and phenols) 2) All the excess acid
groups are already neutralized and neutralization of weak acids and phenols start in this phase.
3) All the weak acids and phenols are already neutralized and by adding excess titrant the
conductivity increases.

The following equation was used for calculating the amount of total weak acids and phenols:

CXV

Dry sample mass

Weak acid+phenols (mmol/g dry sample) =

Where C is titrant concentration and V is the volume of titrant consumed in titration phase 2.

0.5~
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Figure 0-1. Example of conductometric titration for determining weak acids and phenols
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Appendix D Nitrobenzene oxidation reaction
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Figure 0-1. Example of nitrobenzene oxidation reaction chromatogram with peaks labeled.

Sample was derivatized with BSA : N,O-bis (trimethylsilyl)acetamide.
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Appendix E 2DNMR HSQC

It starts on the next page.
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Appendix F MUF kinetic study (activation energy)

Sample was analyzed using DSC (heat to 175°C, at heating rates of 2, 5, 8, 10 and
12°C/min). From DSC results (Figure 1) the curing peak temperatures were used and based on

the following Kissinger equationl, the activation energy was obtained from the plotting of

—1In (%) against 1/T (Figure G-2).
p

B\ __E _ KR
—ln(?) = -~ I

B= heating rate (K/s), To,= peak temp (K), E=activation energy (J/mol), R= gas constant (8.314
J/mol.K) and Ko= frequency factor (1/s).
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Figure 0-1. Example of curing peak temperatures obtained from different heating rates. Sample:

neat MUF
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p

activation energy. Sample: neat MUF
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Appendix G Aging effect on MDF fibers

During the early days of this study Douglas fir fibers refined under conditions shown in
Table H-1 were used and the aging effect on fiber water chemistry (pH, weak acids, phenols,
acid buffering capacity, alkaline buffering capacity) was studied over two-month period. Aging
effect was observed even when samples were stored at -80°C.
Sample preparation

The unrefined samples (DF1 and DF2) were vacuum dried (0.10 mmHg, 25°C, overnight),
ground by a Wiley mill, screened (18-80 mesh) and vacuum dried (0.10 mmHg, 25°C, overnight).
Refined samples (DF250 and DF320) were not milled, but similarly screened and dried as
described. Samples were either sealed/stored in deep freeze (-80°C) or at room temperature

and were called Cold and RT respectively.

Table 0-1. Samples specifications

Douglas fir specimens Refining energy (kWeh/ton) Digester pressure Year sample received

Unrefined (DF1) - -

2015
Refined (DF320) 320 0.74

Unrefined (DF2) - -

2016
Refined (DF250) 250 0.82
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Appendix H Biogenic formaldehyde: Content and heat generation

in the wood of three tree species

Attribution

Following this page is a collaborative publication (Tasooji, M., Wan, G., Lewis, G., Wise, H.,
Frazier, C.E. 2016. Biogenic formaldehyde: Content and heat generation in the wood of three
tree species. ACS Sustainable Chemistry & Engineering. 5 (5), 4243-4248) where Virginia pine
formaldehyde measurements were conducted by Mohammad Tasooji and Heather Wise,
respectively 40% and 10% of the total publication effort, and noting that Tassoji supervised
Wise in the effort. Guigui Wan and George Lewis completed all yellow-poplar and Radiata pine

work (approximately 50% of the total publication effort).
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ABSTRACT: Global trends in allowable formaldehyde (CH,O)

)
emissions from nonstructural wood-based composites require a § % [_INever-heated
renewed consideration of biogenic CH,O from wood. Increment g [ Heated (200°C 10 min)
cores from living Virginia pine (Pinus virginiana), yellow-poplar \gz
(Liriodendron tulipifera), and radiata pine (P. radiata) trees were used =
to measure CH,0O and CH,O generation due to heating (200 °C, 10 Cc>\|
min). Significant variations within and between trees of the same 5
species were observed. Tissue types (juvenile/mature, heartwood/ ©
sapwood) sometimes correlated to higher CH,O contents and g
greater heat-generation potential; however, this did not always &
depend upon species. Heating increased CH,O levels 3—60-fold. @ 0 -5 e Heartwd Sapwd _ Juvenile Mature

Heating with high moisture levels generated more CH,O than that Virginia pine Yellow-poplar Radiata pine
generated from dry specimens. Radiata pine generated extraordi-

narily high CH,O levels when heated, far exceeding the other species. It was suggested that pine extractives might catalyze CH,O
generation, perhaps in lignin. Regarding wood-based composites, findings suggested that compliance with emissions regulations
may be complicated by CH,O generated in the hot press. If we could reveal the precise mechanisms of CH,O generation in
wood, we could perhaps manipulate these mechanisms for beneficial purposes.

KEYWORDS: Lignocellulose, Wood composites, Lignin, Emissions, Regulations

B INTRODUCTION shown to recover ~94% of the extractable CH,0.” Specimen
heat treatments and CH,O determinations are conveniently
conducted in a single glass vessel, so nearly all CH,O is retained
and quantified. For our purposes, this new procedure is
preferable to the perforator method that exposes 100 g
specimens to boiling toluene.'” Because wood possesses
abundant hydroxyl groups, CH,O exists in a complex
equilibrium that includes sorbed CH,O (methylene glycol),
covalently bonded hemiformal (hemiacetal), and covalently
bonded formal (acetal).”'"'> Among these compounds, all
except formal are free forms that are readily extractable with
water at room temperature. All free CH,O that is readily
extractable is capable of gaseous emission.”'' However, the rate
of emission is strongly dependent upon the wood moisture
content. Dry wood retains CH,O, and water-saturated wood
rapidly releases it, suggesting that hemiformals play a key role."'

The tree species studied were Virginia pine, yellow-poplar,
and radiata pine. While commercially insignificant, Virginia pine
was studied because of its availability and similarity to the
commercially important southern pines. Yellow-poplar is
commercially important in the eastern United States, and
radiata pine is commercially valued on a global scale.

This work addresses biogenic formaldehyde (CH,0) generated
by wood during the manufacture of nonstructural wood-based
composites from which CH,O emissions are regulated. Global
trends have shown steady reductions in allowable CH,O
emissions from these products. The regulation target has been
anthropogenic CH,O released from hydrolytically unstable
amino resins. However, current regulations restrict allowable
emissions to such low levels that biogenic CH,O may affect
regulation compliance. It is well-known that wood contains
biogenic CH,O and that heating generates much greater
quantities.'"® The latest emissions regulations have been met
with new amino resin technologies. Nevertheless, there are
persistent anecdotal reports of complications attributed to
biogenic CH,O. As part of an industry/university cooperation,
we seek a more thorough accounting of all CH,O sources in
wood-based composites, both anthropogenic and biogenic.
Biogenic CH,O from wood has been documented for at least
39 years, but relatively little data is available, and none
addresses CH,O levels in living trees.””® Our goal is to
document the occurrence of biogenic CH,O in the living tree
and simulate its generation during composite manufacture.
Here, industrial drying is omitted, and emphasis is placed on

hot-press simulation using 10 min, 200 °C treatments. To Received: January 21, 2017
conduct large scale, nondestructive sampling of living trees, a Revised:  March 17, 2017
simple milligram-scale water extraction was developed and Published: March 28, 2017
ACS Publications  © 2017 American Chemical Society 4243 DOI: 10.1021/acssuschemeng.7b00240
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Table 1. Tree Specimen Information®

Virginia pine yellow-poplar radiata pine
age (years) 60—85 30—40 19-28
no. of trees 8 S 2
Virginia pine yellow-poplar radiata pine
tissue type mature juvenile sapwood heartwood mature juvenile
MC (%) 81.7 (11.4) 29.3 (12.4) 72.5 (0.8) 128.3 (10.9) ~130” ~40"
EC (%) 3.5 (1.0) 7.3 (0.5) 34 (L1) 43 (0.9) 1.1 (02) 2.3 (0.6)

“Moisture content (MC) at harvest and extractives content (EC) based on dry wood mass. MC and EC for yellow-poplar and radiata pine averaged
over all trees listed. MC for Virginia pine was averaged over trees 1—6, and EC was averaged over trees S and 6. Standard deviations are in
parentheses. “MC was not available and was estimated by collaborators according to other measurements.

Ultimately, the desire is to determine how biogenic CH,O
affects emissions from composite products.

B MATERIALS AND METHODS

In Blacksburg, Virginia, United States, increment cores were sampled
from eight living Virginia pine (Pinus virginiana) and five yellow-poplar
(Liriodendron tulipifera) trees; from a commercial plantation near
Concepcion, Chile, two Radiata pine (P. radiata) trees were sampled.
The increment cores were razor cut to 1 mm thick disks. Details of the
sampling are described in the Supporting Information. All trees were
healthy except Virginia pine tree 8, which had large sections of dead
branches in the crown.

Extractives content was measured using 95% ethanol (NREL/TP-
510-42910: Determination of Extractives in Biomass.)

Specimen Preparation. Specimens are identified with respect to
drying history (never-dried or dried) and thermal treatment (never-
heated or heated). Never-dried specimens: freshly cut disks were
sealed in screw-capped vials and placed in a second container (purged
with N,) and stored at —18 or —80 °C. Dried specimens: wood disks
were placed in a desiccator and dried by cycling between vacuum (0.15
mmHg) and dry N, three times and then stored over P,O5 (or
molecular sieves) and N, for at least 48 h until a constant weight was
reached. Heated specimens: 200 °C, 10 min as detailed below. Never-
heated specimens: no heat exposure. Within each tree, 1—3 cores were
used for never-dried measurements, while another 3—5 cores were
used for dried measurements. Within each core, 2—4 CH,O
measurements were conducted.

CH,O0 Measurements. The CH,0O determination was described
previously: wood samples (never-heated: 30—60 mg; heated: S—10
mg, dry mass) were sealed in a 50 mL serum bottle.” All samples were
subjected to either heat treatment (200 °C, 10 min) or no heating.
After cooling to room temperature, water (15 or 20 mL) was charged
via syringe, and the specimen/bottle set at room temperature for 1 h
with occasional shaking. After 1 h, 4 mL of the CH,O solution was
sampled and analyzed by fluorimetric acetylacetone detection.
Measured CH,O was reported as ug/g dry wood. Simple pairwise
statistical comparisons were conducted, but data normality was not
verified.

B RESULTS AND DISCUSSION

Table 1 summarizes tree specimen information. Wood
specimens are discussed with respect to drying history
(never-dried or dried) and thermal treatment (never-heated
or heated). Notable was the variability within individual cores
and between cores within the same tree as related to CH,O
content and generation potential. Typical results from a
randomly selected Virginia pine tree are presented in the
Supporting Information. Sometimes, there was significant
variability within individual cores, but on average, there was
no significant difference between cores. In other cases, there
was little variability within individual cores with or without
significant differences between cores. In other words, the CH,0O
content and its generation potential were nonuniform within
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the tissues studied. Because subsample groupings were based
upon tissue maturity (cm scale), the heterogeneity within and
between cores could be related to anatomical variations that
were not randomized during tree core sectioning (mm scale).
For instance, the occurrence of resin canals is expected to vary
among tree core sections, whereas earlywood/latewood effects
(if they occur) would undergo randomization with perhaps no
detectable impact. Consequently, the within and between core
variability observed may be associated with the heterogeneous
distribution of extractives/resin canals. If wood extractives play
a role in CH,O generation, they must be considered as a
potential source because they might interact with wood to
suppress or promote CH,O. For instance, condensed tannins
are used in resin formulations as formaldehyde scav-
engers.”* ™" Likewise, CH,0 generation in lignocellulose is
acid catalyzed,'® and so acidic wood extractives will likely play a
catalytic role.

Figure 1 shows tissue maturity effects in never-dried/never-
heated Virginia pine for trees 3—8. CH,O levels ranged from
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Figure 1. Average CH,O content in never-dried/never-heated Virginia
pine, trees 3—8, by tissue type (J, juvenile; M, mature). Numbers
above columns indicate total number of measurements. *Tree 8 was
diseased. Error bars = +1 standard deviation.

about 1-5 pg/g of dry wood, comparable to findings of others
using the perforator extraction on pine specimens.l’4 Tree 8
was diseased, but its CH,O content was not unusual. Among
trees 3—7, it appeared as if tissue maturity effects were
effectively random with no sensible pattern. Using P. sylvestris,
Weigl et al. found that juvenile wood contained less CH,O than
mature wood.® Similarly, Dix and Raffael showed that
particleboard made with P. sylvestris heartwood §7enerally
emitted less CH,O than the corresponding sapwood.

In a comparison of never-dried/never-heated to never-dried/
heated Virginia pine specimens, Figure 2 demonstrates the well-
known impact of heating on CH,O generation,"*™** and in this
case, tissue maturity effects became clear. Heating increased the
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Figure 2. CH,O generation by comparison of never-dried/never-
heated and never-dried/heated Virginia pine specimens as a function
of tree and tissue type (J, juvenile; M, mature). Numbers above
columns indicate total number of measurements. *Tree 8 was
diseased. Error bars = +1 standard deviation.

CH,O content by a factor of 9—34 in juvenile wood and by a
factor of 7—61 in mature wood. Upon heating, the mature
tissue always exhibited higher CH,O content, and the
generation potential (factor increase) was greater in mature
tissue for trees 3, 4, 7, and 8. The true CH,O generation
potential requires correction for levels found in never-dried/
never-heated specimens, but that was not applied to Figure 2,
and the correction had little impact on the factor increase.
Mature Virginia pine contained less extractives and more water
than juvenile wood (Table 1). For trees 3, 4, 7, and 8, perhaps
the greater moisture content in the mature tissue explains the
greater CH,O generation potential, but both tissue types were
likely above the fiber saturation point. Again, the variability
within and between trees was notable, and the diseased tree 8
appeared normal in comparison to the healthy trees. If the
behavior shown in Figure 2 is applicable to commercially
significant southern pines like P. taeda, it is apparent that CH,O
generation during composite hot-pressing could be highly
variable. The potential impact on panel emissions seems
obvious, but the precise relationship between CH,O generation
and actual product emissions is currently unknown (discussed
later).

As in Virginia pine, yellow-poplar trees exhibited a similar
degree of variability within and between trees (Figure 3).
However, in never-dried/never-heated yellow-poplar, the
heartwood always exhibited CH,O content higher than that

[ Never-dried/Never-heated
Il Never-dried/Heated

Yellow-poplar:

CH,0 (ng/g dry wood)

3
Tree #

Figure 3. Average CH,O content (never-dried/never-heated) and
CH,O generation potential (never-dried/heated) in yellow-poplar.
Heartwood (H) and sapwood (S) specimens were respectively
randomized among 4—8 cores from the same tree. Error bars = +1
standard deviation.
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of sapwood. The extractives content in the respective tissues
was about the same, but the composition was known to differ,
and the heartwood had higher moisture (Table 1). Upon
heating, the CH,0O generation was greater for the sapwood
(increasing by a factor of 10—19), whereas in heartwood, the
CH,O content increased by a factor of 3—5. The lower CH,O
generation of yellow-poplar heartwood might be due to CH,O
reaction with aporphine alkaloids occurring in the heartwood at
levels of about 1%; only trace quantities appear in the
sapwood.” >

A general species comparison was conducted by pooling all
yellow-poplar data and comparing it to Virginia pine data
pooled over trees 3—8, Figure 4. Considering never-dried/

[ Never-dried/Never-heated
Il Never-dried/Heated

» [}
o o
L

CH,0 (ng/g dry wood)
N
o

i Juvenile  Mature
Virginia pine

Heartwood Sapwood
Yellow-poplar

Figure 4. Average CH,O content (never-dried/never-heated) and
CH,O generation potential (never-dried/heated) for Virginia pine
trees 3—8 and all yellow-poplar trees 1—S (respective tissue types
randomized among cores from the same tree). Numbers above
columns indicate total number of measurements. Error bars = +1
standard deviation.

never-heated specimens, it was determined that living yellow-
poplar trees contained more CH,O than living Virginia pine.
This suggests that CH,O emissions in the drying stage might
be greater when processing yellow-poplar as compared to
southern pine. Yellow-poplar wood appeared to generate more
CH,O when heated (never-dried/heated). CH,O generated in
yellow-poplar heartwood was significantly greater than that
generated in Virginia pine juvenile wood (p < 0.01); but when
yellow-poplar sapwood is compared to Virginia pine mature
wood, the difference was less significant (p = 0.11).

When Virginia pine was analyzed, it was observed that room
temperature drying was often associated with higher wood
CH,O levels. This was surprising given that no specimen
heating occurred. Meyer and Boehme made similar observa-
tions after drying pine, spruce, and Douglas fir at 30 °C; drying
resulted in increased CH,O emission." When drying resulted in
greater emissions, Meyer and Boehme suggested that CH,O
generation must have occurred even after their specimens were
dried." This hypothesis cannot be refuted, but it seems
questionable because over short periods elevated temperatures
are required to form biogenic CH,O (data not shown). In any
case, we became suspicious that room temperature drying in
the presence of P,Os might lead to catalytic effects from
phosphoric acid contamination. We confirmed that specimen
drying with P,O; leads to higher CH,O levels (see the
Supporting Information), and we concluded that P,Oy should
never be used to dry wood that is intended for chemical study.
The remaining discussion only features specimens dried with
molecular sieves, and it was found that drying resulted in higher
CH,O0 levels in Virginia pine wood but not yellow-poplar wood
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(Figure S). This result is similar to that of Meyer and Boehme
but only in that the behavior of softwoods and hardwood is

[ Never-dried/Never-heated

151 Il Dried/Never-heated

CH,0 (pg/g dry wood)

Mature

Juvenile

Heartwood Sapwood
Yellow-poplar

Virginia pine

Figure S. Effect of drying (molecular sieves) on CH,O content in
never-heated Virginia pine (trees 5—8) and yellow-poplar (trees 1-S5).
Numbers above columns indicate total number of measurements from
4—S trees with 1—8 cores per tree. Error bars = +1 standard deviation.

very different. Meyer and Boehme found that drying caused a
significant reduction of CH,O content in oak." Initial
consideration might suggest that drying (without heating)
would result in a CH,O content reduction. However, if
hemiformals dominate the equilibria in wood, then CH,O
retention would increase as drying proceeds. Regarding the
effects of drying on hardwoods, the discrepancy with Meyer
and Boehme might be explained by the different drying
conditions employed. In this work, vacuum drying to a
moisture content of less than 1% was employed, whereas
Meyer and Boehme dried specimens to 7—9% moisture. If
these observations are explained by the moisture dependent
hemiformal equilibrium, then one could conceive relatively
simple methods to reduce CH,O content in wood, where
increasing moisture promotes CH,O release.'’ Nevertheless, it
is perplexing and currently inexplicable that CH,O content is
higher in softwoods after drying.

When heated at 200 °C for 10 min, wet wood generated
significantly more CH,O (Figure 6). Because acids catalyze

[ INever-dried/Heated
Il Dried/Heated

CH,0 (ug/g dry wood)

Mature
Virginia pine

Juvenile

Heartwood Sapwood
Yellow-poplar

Figure 6. Effect of moisture content on heat generation of CH,O:
Virginia pine (trees 5—7) vs yellow-poplar (trees 1—S5). Numbers
above columns represent number of measurements. Error bars = +1
standard deviation.

CH,O generation,' it is reasonable to conclude that naturally
occurring wood acids would be less active when wood is very
dry. Furthermore, heating at higher moisture contents is
expected to hydrolyze wood esters and release more acids that
catalyze a corresponding increase in CH,O generation.
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Radiata pine specimens were received after room temper-
ature, vacuum drying, and the comparison to Virginia pine and
yellow-poplar is shown in Figure 7. When heated, the CH,O

[_] Dried/Never-heated Il Dried/Heated
80 —
g 1 6
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>
£ ]
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\%7 40 — 15
o 1 17
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Juvenile Mature

Juvenile Mature
Radiata pine

Heartwood Sapwood
Yellow-poplar

Virginia pine

Figure 7. Species effect on CH,O content and generation from
molecular sieve-dried specimens. Numbers above columns indicate
number of measurements. Virginia pine, trees 5—7; yellow-poplar,
trees 1—S5; radiata pine, 2 trees. Error bars = +1 standard deviation.

content in dry radiata pine increased by a factor of 32—40,
whereas the increases for Virginia pine and yellow-poplar were
by factors of 4—5 and 3-9, respectively. The extraordinary
CH,O generation in radiata pine suggests that compliance to
emissions regulations could be troublesome for radiata-based
composites, noting that all CH,O determined in this work is
capable of gaseous emission. As mentioned, the precise
relationship between biogenic CH,O Ievels and actual
composite emissions is currently unknown. However, a direct
relationship seems reasonable, as demonstrated by Birkeland et
al,” who measured significant biogenic emissions from panels
bonded with no-added CH,O adhesives. Birkeland et al.’
demonstrated that biogenic emissions dissipated 12—20 days
after hot pressing (storage at 50% relative humidity, 23 °C).
Consequently, special measures might be required to meet
emissions regulations in radiata-based composites (verified
from personal communication with industry representatives).
Note that both pines exhibit tissue maturity effects. Mature
wood in Virginia pine generates significantly more CH,O than
juvenile wood (p < 0.01), but the effect is less significant in
radiata pine (p = 0.07).

Compared to Virginia pine, what could explain the
extraordinary CH,O generation in radiata pine? Among the
structural wood polymers, the available literature indicates that
lignin generates much more CH,O than the polysaccharides,”
consistent with our findings.'® It seems unlikely that lignin
effects would explain the differences observed in Virginia and
radiata pine. Consequently, a plausible hypothesis might
involve differences in the extractives. Three scenarios should
be considered: (1) that extractives directly generate CH,O, (2)
that extractives react with CH,O, or (3) that extractives
catalyze CH,O generation, perhaps in lignin. The first scenario
is known to occur, and strong evidence exists for the second.”
Schifer and Roffael’s results suggest a catalytic role for
extractives,” but they did not discuss this topic. When heated
(150 °C, 3 h), unextracted pine generated CH,O at 288 ug/g
dry wood, and extracted pine generated 167 pug/g dry wood, a
42% reduction caused by extractives removal (4% extractives).”
Using pure specimens, they also demonstrated that pine fatty
acids and the resin acid, abietic acid, directly generate CH,O
when heated similarly, but abietic acid was far more productive,
generating CH,O at 179 pug/g abietic acid.” Using these
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numbers and assuming direct CH,O generation by abietic acid,
if this pine wood contained 4% extractives in the form of pure
abietic acid, removal should cause only a 3% reduction in
CH,O generated by heating. In other words, Schifer and
Roffael’s data suggests that pine extractives could be acting as
catalysts, indirectly generating much more CH,O than is
directly generated from their thermal decomposition. The
catalytic role of pine extractives in CH,O generation by wood is
a plausible hypothesis that must be verified. It is also plausible
that every combination of scenarios 1, 2, and 3 mentioned
above could affect CH,O generation by wood (and implicit to
scenario 1 is that lignocellulose could catalyze CH,O
generation by the extractives). Perhaps this explains some of
the findings in this work, where influential parameters such as
tissue type and moisture content appeared to be highly complex
and variable within and between tree species. Hopefully future
studies will reveal the precise mechanisms of biogenic CH,O
generation. Perhaps we could manipulate those mechanisms to
reduce CH,O emissions in wood composites or even use
biogenic CH,O to improve composite performance regardless
of the adhesive technology.

B CONCLUSIONS

As is well-known, wood naturally contains CH,O and generates
much more when heated at 200 °C for 10 min. This study
documented these effects in increment cores sampled from
living Virginia pine, yellow-poplar, and radiata pine trees.
Significant variations within and between trees of the same
species were observed, as expected. Besides this normal
variation, other influential parameters appeared to be complex
and highly varied. For instance, tissue types (juvenile/mature,
heartwood/sapwood) sometimes correlated to higher CH,O
content and greater heat-generation potential; however, this did
not always depend upon tree species. When heated, wet wood
(near or above fiber saturation) generated more CH,O than did
dry wood, consistent with an acid catalyzed mechanism.
Heating increased CH,O levels anywhere from 3 to 60 times
that measured in unheated wood, depending upon tissue type,
moisture content, and species. Most remarkable was that
radiata pine generated extraordinarily high CH,O levels when
heated, far exceeding that in Virginia pine and yellow-poplar. It
was hypothesized that the remarkable behavior of radiata pine
might be related to extractives effects. It was suggested that pine
extractives might catalyze CH,O generation, perhaps in lignin.
When the manufacture of wood-based composites is consid-
ered, the findings suggest that compliance with CH,O
emissions regulations can be complicated by biogenic CH,O
generated in the hot press. The precise relationship between
biogenic CH,O levels and actual composite emissions is
currently unknown. However, it is known that all CH,O
measured here is capable of gaseous emission, and higher
moisture levels promote emission. If we could reveal the precise
mechanisms of CH,O generation in wood, we could perhaps
manipulate these mechanisms for beneficial purposes.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acssusche-
meng.7b00240.

Experimental details about tree increment core sampling
and more detailed results that demonstrate (1) typical
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within (and between) tree increment core variability in
CH,O content and generation and (2) the effects of
using P,Oj as a specimen drying agent (PDF)
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Materials and methods

Virginia pine (Pinus virginiana) trees from a wooded region east of Blacksburg, VA, U.S.A.
(Nellies Cave area), were sampled as follows: increment cores (5 mm dia.) sampled ~1.4 m
above ground, from 8 trees, 6-8 cores per tree from a 100 cm” area; sealed in plastic straws (trees
1-6) or Pyrex glass tubes (trees 7-8), and subsequently razor cut into ~1 mm thick disks; juvenile
(first 10-15 rings) and mature (last 40-70 rings) tissue was isolated and stored frozen (-18°C for
trees 1-6; -80°C for trees 7-8). Among the 8 Virginia pines, all appeared healthy except tree 8

which had large sections of dead branches in the crown.

Yellow-poplar (Liriodendron tulipifera) trees were isolated specimens growing on the Virginia
Tech campus and sampled as follows: increment cores (5 mm dia.) sampled ~1.4 m above
ground from 5 healthy trees, 4-8 cores per tree from a 100 cm” area, sealed in Pyrex glass tubes,
and razor cut into ~1 mm thick disks; heartwood and sapwood were separated based on color.
Within each tree, all heartwood and sapwood sections were randomized respectively, and

separately stored at -80°C.

Radiata pine (Pinus radiata) trees were sampled from a commercial plantation in Chile. Tree 1
was sampled from a stock having 587 trees/ha (silvicultural management pruned and thinned), at
UTM coordinate location 18 H, 664859.83 m E, 5913603.16 m S. Tree 2 was sampled from a
stock having 933 trees/ha, at UTM coordinate location 18 H, 664847.41 m E, 5913502.29 m S.
Sampling occurred as follows: increment cores (10 mm dia.) sampled 1.2-1.6 m above ground in
a vertical line with 8 cm separation, 6 cores per tree, vacuum dried at 17°C for one week, sealed
in plastic tubes, shipped from Chile, and received four days later. Upon arrival, juvenile (first 10

rings) and mature (last 9-18 rings) tissue was separated, and cut into ~1 mm thick disks. Within
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each tree, all juvenile and mature sections were randomized respectively, and separately stored at

-80°C.
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Figure S1. Typical within core, and between core, variability in CH,O content, and in CH,O
generation, among cores from the same tree (Virginia pine tree 3, juvenile tissue), under different

drying and thermal treatments as indicated. Note ordinate scales vary.
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Figure S2. Effect of drying agent (P,Os vs. molecular sieves) on CH,O content and CH,O
generation in Virginia pine. Never-dried specimens: trees 3-7; P,Os dried specimens: trees 1-4;
molecular sieves dried specimens: trees 5-7. Numbers above columns indicate total number of
measurements. Error bars = =1 standard deviation. In the absence of heating, on average it was
found that drying always caused an increase in CH,O content in juvenile and mature Virginia
pine; but this increase was significantly less when drying with molecular sieves as compared to

P,0s. This suggests that phosphoric acid contamination could catalyze CH,O formation.
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