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ABSTRACT

Wood liquefaction was conducted using phenol as a reagent solvent with oxalic
acid as a catalyst. A series of studies were done on liquefied wood, liquefied wood
residues, novolac-type liquefied wood resins, and bio-composites fabricated from
liquefied wood resin. The results of the liquefied wood residue characterization revealed
that the liquefaction reactions conducted in different reaction vessels underwent different
liquefaction mechanisms. The crystallinity indexes of the liquefied wood residues were
higher than that of the original wood, indicating that the amorphous lignin was the most
susceptible component in wood to the liquefaction reaction. Fe*" and Fe’” ions were
found to have catalytic effects during liquefaction reaction. The cure kinetic study of two
typical liquefied wood resins (LWR) showed that the activation energies of liquefied
wood resin were higher than conventional phenolic resins and close to that of a lignin-
phenol-formaldehyde resin from another study. It was found that LWR followed an
autocatalytic cure mechanism. Two kinetic models were proposed for LWR based on the
isothermal differential scanning calorimetry (DSC) methods. The flexural strengths of
the composites were comparable to that of similar products reported by other researchers,
indicating that the liquefied wood resin and liquefied wood residue from a weak-acid-
catalyzed liquefaction could be successfully applied to molded bio-composite products as

a substitute for conventional novolac resin.

xi



CHAPTER 1

INTRODUCTION

1.1 Biomass Conversion Technologies for Fuels and Chemicals

“Biomass” is a generic term for all animate organic matter, including crops,
forestry, marine products, and some organic waste, such as municipal solid waste and
agricultural waste.'” It is a traditional source of energy and is still responsible for around
40-50% of the energy supply in many developing countries that rely on low-tech and
inefficient cooking and heating methods.”® With the diminishing supply of crude oil, and
environmental concerns, biomass provides a renewable source for fuels and chemicals as
a substitute for petroleum. Biomass can be converted to liquid and gaseous products that
can then be used directly in internal-combustion engines or for organic synthesis.* The

two main routes for biomass conversion are biochemical and thermochemical processes.’

1.1.1 Biochemical conversion of biomass

Biochemical conversion of biomass is completed through alcoholic fermentation
to produce liquid fuels and anaerobic digestion or fermentation to produce bio-gas.’
Much of the effort in biochemical conversion research is aligned with the sugar platform
technologies that make use of crops or lignocellulosic materials as feedstocks for ethanol
production via saccarification and fermentation processes.” However, the current costs of
bio-ethanol are much higher than the costs of gasoline from fossil sources.” The price of
the feedstocks contributes more than 55% of the bio-ethanol cost. The most commonly

used biomass feedstocks, such as corn and sugar cane, have to compete directly with the



food sector.® Lignocellulosic biomass, such as agricultural residues and forestry residues,
are, in principle, suitable for used as inexpensive feedstocks, but the technology for this
process differs from that of the starch-to-ethanol because of the complex chemical
structures of lignocellulosic materials.™® Recent research has been conducted on the pre-
treatment of lignocellulosic biomass before the fermentation process or growing biomass
to be used for bio-ethanol on agriculturally degraded land to give better economic

prospects of bio-ethanol production.®”

1.1.2 Thermochemical conversion of biomass

The three main thermochemical conversion processes of biomass are pyrolysis,
direct liquefaction, and gasfication. Pyrolysis is the thermal degradation of biomass by
heat in the absence of oxygen, which results in the production of charcoal (solid), bio-oil
(liquid), and fuel gas products.” Direct liquefaction corresponds to a thermal and
catalyzed reaction of biomass.'” The differences between pyrolysis and direct
liquefaction are that (1) pyrolysis is conducted in the temperature range of 650 to 800 K
while the temperature range of direct liquefaction is around 525 to 600 K and (2) direct
liquefaction is normally conducted under pressure of about 5 to 10 MPa." Gasification is
a form of pyrolysis which is performed at high temperature (up to 1273 K) in order to
optimize gas production.”® The resulting gas is a mixture of carbon monoxide,
hydrogen, and methane, together with carbon dioxide and nitrogen.’

Pyrolysis produces fuels with high fuel-to-feed ratios, which makes it the most
competitive bio-fuel to fossil fuels.” Reported yields on crude oil vary from 20 to 70%

depending on the pyrolysis methods.™"' Generally, biomass derived pyrolysis oil, which



is highly oxygenated and has poor thermal stability, requires further upgrading by
lowering the oxygen content via hydrogenation.™ '* Similar to the production of bio-
ethanol, pyrolysis fuel production does not appear to be a viable route at current
petroleum prices.'? There are several issues that the pyrolysis process must address in the
future: (1) large- scale demonstration of the thermochemical conversion and upgrading
process; (2) completion of the refinery cycle to produce marketable liquid fuels from
biomass; (3) demonstration of chemical separation technologies; (4) determination of the
compatibility of biomass liquefaction products with existing petroleum refinery

13
systems.

1.2 Biomass Liquefaction via Solvolysis

Solvolysis liquefaction of biomass dissolves biomass in an organic solvent at
moderate temperature (120 to 250 °C)."* Partial solvolysis of biomass provides valuable
chemicals, mainly pure cellulose and phenolic compounds, and complete solvolysis
provides fuels."> Different organic solvents have been used in liquefaction, such as
polyhydric alcohols,16 phenol,17 ethylene calrbonate,lg’19 dioxane,20 ethanol,21 acetone,zo
supercritical phenol,”* and supercritical alcohols.” Different processing methods have
also been studied, such as using microwaves as the heat source in the liquefaction

reaction.”*

1.2.1 Biomass liquefaction with polyhydric alcohols
Aliphatic alcohols (from C1 to C7) or polyols have been known for a long time to

selectively dissolve the basic components of wood."” Yao et al. ** investigated various



polyols or their combination with other polar solvents as reagent solvents in biomass
liquefaction, such as polyethylene glycol (PEG), polycaprolactone (PCL303),
PEG/glycerin, PEG/1,1,1-tris (hydroxymethl) propane (TMP), and e-caprolactone
(CPL)/glycerin. The results showed that the liquefaction reaction using PEG/glycerin
achieved the lowest residue content among all other tested solvents. Krzan et al.*® studied
different combinations of polyols with organic acids or mineral acids and reported that a
combination of propylene glycol (PG) as the reagent solvent and maleic anhydride as the
acid catalyst showed the best liquefaction results. The effects of ozone pre-treatment on
wood, liquefaction time, temperature, and wood species on wood liquefaction with
polyhydric alcohols have also been investigated.””*’

Various products have been made from liquefied biomass with polyhydric
alcohols. Epoxy resins were synthesized from PEG/glycerol liquefied wood as were
epoxy compounds such as diglycidyl ether of biphenol A (DGEBA) and diglycidyl ether

30,31

of ethylene glycol oligomers (DGEEG). The viscoelastic and mechanical properties

of the liquefied wood-based epoxy resins suggested that they would be well suited for
matrix resins for natural fiber reinforced cornposi‘[es.”’33 Starch, wood/starch mixtures,
corn bran, bark/starch mixture have been liquefied and used to prepare polyurethane

foams.>*?" Compared to conventional polyurethane foam, liquefied biomass based foams

37,38

have an advantage of potential bio- and photodegradability. Efforts has also been

made to recover the polyols from bio-based foams after their glycolysis degradation.*

Polyurethane films, resins, and isocyanate adhesives have also been synthesized from

PEG/glycerol liquefied wood.***



Research has been conducted on fundamental aspects of biomass liquefaction
with polyhydric alcohols. The liquefaction mechanism of polysaccharides with alcohol
has been studied using glucose and cellobiose as model compounds.* Condensation
reactions of degraded lignocellulose and the formation of wood residue during wood
liquefaction have also been investigated.'® ***’ The liquefied products of cellulose have
been fractionated and analyzed.”® A new method to determine the hydroxyl value of the

liquefied products has been developed based on the consumption of the NCO group.*’

1.2.2 Biomass liquefaction with phenol

Phenol is one of the most common reagent solvents used in biomass liquefaction.
It can be applied in the liquefaction reaction with or without a catalyst. Pu et al.’*>* have
studied the liquefaction of wood in the presence of phenol without a catalyst. They have
reported that wood can be converted to dioxane soluble products at 250 °C with phenol
(wood to phenol ratio larger than 1/1). In general, lignin was liquefied in the initial stage
of the liquefaction (about 10 min. at 250 °C), and the cellulosic component was mostly
resistant to liquefaction. Although phenolysis of wood without a catalyst could be a
prospective technique for preparing liquefied wood, relatively high reaction temperatures
are needed to compensate the absence of catalyst.

With neutral solvents, the liquefaction process is controlled by pyrolysis and is
achieved at higher “severities” or longer reaction times. The best liquefaction is achieved
via catalysis by acids and bases."> A few studies have been done on biomass liquefaction

53,54
1°%

with a base catalyst. Alma et a investigated the catalytic effects of a variety of

alkalis and metallic salts (acidic or basic) on biomass liquefaction with phenol. They



reported that most alkalis and metallic salts were effective catalysts giving low biomass
residue content, however, they were not effective catalysts to achieve a high amount of
combined phenol. NaOH was found to be the most efficient alkaline catalyst in the
dissolution of biomass in phenol at an elevated temperature of 250 °C.

Both strong acids, such as sulfuric acid > and hydrochloric acid, > and weak acid,
such as oxalic acid, >’ can be used as catalysts in biomass liquefaction. The resulting
liquefied wood using a strong acid catalyst can achieve a higher combined phenol and
lower wood residue content than those using a weak acid catalyst. The addition of a
small amount of sulfuric acid greatly enhanced the dissolution of wood, which favored
hydrolytic cleavages along the cellulosic chain."

Liquefied wood resin can be obtained by removal of the wood residue and free
phenol (un-reacted phenol) after the liquefaction reaction. The flow temperature and
viscosity of the liquefied wood resin were found to be higher than the commercial
novolac resin and increased as the amount of combined phenol increased.”*’ The
flexural properties of molded products from liquefied wood were enhanced with an
increase of the amount of combined phenol and became comparable to the commercial

60, 61

novolac moldings when the combined phenol reached 75% and above. It was also

reported that liquefied wood resins have a much better hydrophilic compatibility with

wood fillers than conventional novolac resins.

Liquefied wood can further react with formaldehyde to form novolac >"¢"*** or
resol >* ® type phenolic resins under acidic or alkaline conditions. It was reported that

almost all of the free phenol remaining from the liquefaction reaction can be converted to

resin by a condensation reaction with formaldehyde. The thermofluidity of the co-



condensed resin was improved greatly and thus has a much lower flow temperature and

57,61

viscosity than liquefied wood resin. The mechanical properties of the molding

products from the co-condensed resin were also much better than those from the liquefied
wood resins.”” "

Efforts have also been made to liquefy other types of biomass with phenol, such
as corn bran, ° 7 bark, ®* and grapevine cane waste * to be used as the raw materials for
phenolic resins. In addition to the traditional phenolic resins, new types of materials with
liquefied wood, such as wood ceramics ® and wood-plastic composites "° have been
studied as well. A new method using liquefaction technique to recycle preservative
treated wood has been proposed by Lin and Hse.”' CCA-treated wood was first liquefied
and then the preservative metals were removed by precipitation. The resulting
preservative-free liquefied wood can be further used in phenolic resins.’”

Despite these many advances in liquefaction technology, the mechanism of wood
liquefaction is not clearly understood due to the complicated structure and chemical
composition of wood. Lignin and cellulose model compounds were liquefied with
phenol individually and the liquefied products were analyzed to reveal the possible
reaction pathways of lignin and cellulose during the liquefaction reactions with
phenol.”” Liquefied products of cellulose in the presence of phenol were characterized
by FT-IR and NMR to identify the reaction intermediates and the substitution pattern of

phenol with liquefied cellulose.”’” A kinetic study has also been conducted on wood

liquefaction reaction with phenol.”



1.3 Objectives

Although many studies have been done on wood liquefaction and some progress
has been made in the past decades, numerous technical and fundamental challenges
remain. For example, most previous studies on wood liquefaction have focused on
completely converting wood into a liquid via a strong acid catalyst or high reagent
solvent to wood ratios, which has resulted in a liquefaction process that is not
economically feasible because special production equipment is required due to the high
corrosiveness of the strong acids. In my research on wood liquefaction for novalac type
resin applications, I have focused on a process with a weak acid catalyst system.
Although the significant difference of a weak-acid-catalyzed system to a strong acid
system is the high wood residue content, which might not be desirable for most
applications, the less corrosive of weak acid together with potential application of wood
residue as filler in molding products provides a unique opportunity to enhance the
economic feasibility of the new system. Furthermore, since lignin is very susceptible to
phenol liquefaction, *° it can also partially substitute for phenol in the phenolic resin
synthesis. Therefore, my goal is to determine the optimum degree of wood liquefaction
to liquety lignin in situ and leave maximum amount of crystalline cellulose that can be
used as a filler in molded products.

Thus, the objectives of this study were (1) to characterize liquefied wood and
liquefied wood residue from a weak acid catalyzed system, (2) examine the properties of
a novolac resin formulated from liquefied wood, and (3) evaluate the physical and
mechanical properties of compression molded products fabricated with the novolac type

liquefied wood resin.
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CHAPTER 2

CHARACTERIZATION OF LIQUEFIED WOOD AND LIQUEFIED
WOOD RESIDUES FROM DIFFERENT LIQUEFACTION
CONDITIONS

2.1 Introduction

Wood liquefaction using phenol as the reagent solvent and an acid catalyst has
long been studied as a novel technique to utilize biomass as an alternative to petroleum-
based products. A variety of general studies has been conducted on wood liquefaction
with phenol. The effects of water, catalyst type, catalyst concentration, liquefaction
temperature and time, and phenol to wood ratio have been investigated.'” The molecular
weight and flow properties of the liquefied wood have also been characterized.*” A
model compound of lignin has been used to demonstrate the reaction mechanism of
lignin during wood liquefaction.*” However, a comprehensive understanding of the
mechanism of wood liquefaction in the presence of phenol has not yet been clearly
established. Cellulose, hemicellulose, and lignin are the three main components of wood.
The strong network of cellulose, hemicellulose, and lignin and the crystalline structure of
some regions of cellulose make wood extremely resistant to liquefaction, even under
severe reaction conditions. Therefore, wood residue always occurs as part of a liquefied
wood mixture, especially when a weak acid is used as a catalyst. The residue content
(i.e., the amount of wood residue remaining after liquefaction) is a typical measure of the
extent of a liquefaction reaction. A comprehensive study on liquefied wood residue is
still lacking. It is important to study the characteristics of the wood components after

liquefaction. Research on liquefied wood residues provides a new approach to better
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understand some fundamental aspects of wood liquefaction. Therefore, the objectives of
this chapter were to characterize the liquefied wood and liquefied wood residue from
different liquefaction conditions by high performance liquid chromatography (HPLC),
gel permeation chromatography (GPC), Fourier transform infrared spectroscopy (FT-IR),

X-ray diffraction (XRD) and scanning electronic microscopy (SEM).

2.2 Experimental

2.2.1 Materials

Chinese tallow (Triadica sebifera syn. Sapium sebiferum) tree wood was sawn on a
laboratory table saw and the sawdust was collected. The particles were oven dried at 70-
80 °C to a moisture content of 3 - 5% and then reduced in a Wiley mill to fine powder of
20 - 200 mesh. Liquid industrial grade phenol (90% concentration) was used as the

liquefaction reagent. All other chemicals were reagent grade.

2.2.2 Preparation of liquefied wood and liquefied wood residues

Wood powder, phenol, and oxalic acid were mixed in a container until a uniform
mixture was obtained. The mixture was then transferred to a 1L three-neck glass reactor
equipped with a condenser and a stirring system. The liquefaction procedure was also
conducted in a 1L Parr reactor. The experimental variables and their levels are listed in
Table 2.1. Oxalic acid was used as a catalyst at was 5% based on the amount of phenol.
The liquefied mixture was diluted with methanol and filtered with Whatman medium
flow filter paper. The insoluble residues were oven dried at 105 °C overnight and stored

in a desiccator. The residue content of the liquefied wood was calculated by equation (1):
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RC(%) = VVZ x 100 (1)

o

RC is the residue content, W, is the oven-dried weight of the solid wood residue after the

filtration, and W, is the weight of the original wood powder.

Table 2.1. Liquefaction variables and their levels.

_ Liquefaction Phenol to Wood
Cooking Method
Temperature Ratio
1 Atmospheric 150 °C 1/1
2 Sealed 180 °C 2/1
3 3/1

2.2.3 Characterization of liquefied wood
2.2.3.1 Measurement of free phenol by high performance liquid chromatography (HPLC)
The amount of free phenol (i.e., unreacted phenol) in the liquefied wood mixture
was measured on a Perkin Elmer series 200 HPLC with an Alltima HP C18 ODS column
(250 x 4.6 mm). Methanol/water (1/2, v/v) mixture was used as the mobile phase with a
flow rate of 1.0 ml/min. The wavelength of the UV-Vis detector in the HPLC series was
set at 272 nm. A series of phenol solutions of known concentration (0.06, 0.1, 0.15, 0.3,
0.5, and 0.7%) were used as the standard to calculate the amount of free phenol. The

calibration curve is shown in Figure 2.1.
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Figure 2.1. Calibration curve of free phenol calculation.

The percent of phenol conversion in the liquefaction reaction was determined by

equation 2 as following:

w .
Phenol Conversion(%) = ZT/ x100 (2)

t
Where W;is the total amount of phenol used in the liquefaction, and W is the amount of

free phenol remained in the liquefied wood mixture.

2.2.3.2 Measurement of molecular weight by gel permeation chromatography (GPC)
The GPC measurements were performed on a Waters-Wyatt GPC system equipped with
multi-angle laser light scattering and differential refraction index detectors. Two Jordi

Flash Gel Mixed Bed columns (250 x 10 mm) were used in series. Tests were conducted
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at ambient temperature using tetrahydrofuran (THF)/methanol (90/10) mixture as the
mobile phase at a flow rate of 1.0 ml/min. Liquefied wood samples were dissolved in the
same solvent as the mobile phase at a concentration of 5 mg/ml in solution. The amount
of each sample injection was 100 pl.

Polystyrene standards with a concentration of 1mg/ml were used for calibration
(molecular weight as follows: 393.4k, 223.2k, 111.4k, 44.1k, 31.6k, 13.2k, 3.68k, 2.33k,
and 820). The calibration curve was plotted with the logarithm of average molecular

weight as a function of elution volume as shown in Figure 2.2.

logMw
w
*

y =-0.2677x + 10.776
2 1 R? = 0.9921

15 17 19 21 23 25 27 29 31
Elution volume (ml)

Figure 2.2. Calibration curve of polystyrene standards.

20



2.2.4 Characterization of liquefied wood residue
2.2.4.1 Chemical analyses

The liquefied wood residues were first extracted in a Soxhlet apparatus to yield
extractive-free materials in accordance with ASTM (1996a)®, Klason lignin (ASTM
1996b)°, holocellulose (ASTM 1971a)"’, and a-cellulose (ASTM 1971b)"" were

determined based on the extractive-free residues.

2.2.4.2 FT-IR spectroscopy

The FT-IR analysis of the liquefied wood residues was performed by a Nicolet
Nexus 670 spectrometer equipped with a Thermo Nicolet Golden Gate MKII Single
Reflection ATR accessory. A small amount of residue was applied directly on the

diamond crystal.

2.2.4.3 X-ray diffraction analysis

The degree of crystallinity of the residues was measured by X-ray diffraction.
The liquefied wood residues from different liquefaction conditions were pressed into
disks and analyzed with a PANalytical X" PERTPROSuper X-ray diffractometer. The X-
ray diffractograms were recorded from 0 to 40° at a scanning speed of 1°/s and sampling
rate of 2 data/s. The crystallinity index (Crl) of the liquefied wood residue was

calculated using the Segal method'? per the following equation:

Crl(%) = T =Lan 109 (3)

002
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where [y, is the intensity of the diffraction from the (002) plane at 26=22.6°, and 1, is

the intensity of the background scatter measured at 26=18.5°.

2.2.4.4 Scanning electron microscopy

A SEI Qanta 200HV scanning electron microscope (SEM) was used to observe
the structure and the surface morphology of the liquefied wood residues from different
liquefaction conditions. The samples were coated with gold using a vacuum sputter

coater before the SEM observations.

2.3 Results and Discussion
2.3.1 Characterization of liquefied wood
2.3.1.1 Residue content and free phenol

The average residue content of liquefied wood from different liquefaction
conditions is shown in Figure 2.3. The residue content consistently decreased as the
phenol to wood ratio (P/W) increased from 1/1 to 3/1. The liquefied wood reacted in the
sealed system had a substantially lower residue content than from the atmospheric
system. The reason for this phenomenon can be attributed to the more thorough
penetration of phenol into the wood powder in the sealed liquefaction system than in the
atmospheric system. Therefore, more reaction sites in the wood powder can be reached
by phenol in the former situation. It can also be seen in Figure 2.3 that liquefaction
temperature has a significant effect on residue content of the liquefied wood. Liquefied

wood reacted at 180 °C had a lower residue content than that from 150 °C.
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Figure 2.3. Average residue content of liquefied wood residues.( Note AT1 =150 °C,
atmospheric system; AT2 = 180 °C, atmospheric system; PT1 = 150 °C, sealed system,;
PT2 =180 °C, sealed system.)

The percentage of free phenol in the liquefied wood mixture and phenol
conversion of the liquefaction reaction under different conditions are listed in Table 2.2.
The three-way ANOVA results are summarized in Table 2.3. It can be seen that only
phenol to wood ratio (P/W) has a significant effect on the percentage of free phenol and
phenol conversion. The average amount of free phenol increased and the phenol
conversion decreased as the P/W ratio increased. This result was expected since the
amount of phenol used in the liquefaction increased. It is not precise simply to use the

percent of free phenol and phenol conversion alone as the measurement of the extent of

liquefaction. However, the amount of free phenol will affect the polymerization reaction
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of liquefied wood mixture and formaldehyde. The details will be discussed in the next

chapter.

Table 2.2. Average percentage of free phenol (%) and phenol conversion (%) of the

liquefaction reaction.

150 °C 180 °C
1/1 2/1 3/1 1/1 2/1 3/1
K Free phenol (%) 56.21 63.02 69.47 55.50 54.73 70.12
Phenol conversion (%) 33.49 23.05 12.01 22.50 29.10 12.72
, Free phenol (%) 54.79 51.12 62.80 50.94 64.61 68.28
’ Phenol conversion (%) 29.41 35.59 11.40 23.12 13.72 11.71

*Liquefaction in the atmospheric three neck flask.
®Liquefaction in the sealed Parr reactor.

Table 2.3. ANOVA results on the free phenol and phenol conversion of the liquefaction

by GLM procedure.

Source df Type Il SS  Mean F Value Pr>F
Square

1. dependent variable: percentage of free phenol

Mm* 1 0.1708 0.1708 0.00 0.9529

T® 1 12.6785 12.6785 0.27 0.6124

P¢ 2 1292.7744 646.3872 13.79 0.0008

M*P 2 442110 22.1055 0.47 0.6350

T*P 2 55.1522 27.5761 0.59 0.5704

2. dependent variable: percentage of phenol conversion

Mm* 1 10.4804 10.4804 0.15 0.7062

T® 1 171.4900 171.4900 2.44 0.1444

P¢ 2 1101.4389 550.7194 7.83 0.0067

M*P 2 0.8692 0.4346 0.01 0.9938

T*P 2 103.4169 51.7084 0.74 0.4998

"Reactor type.
°Liquefaction temperature.
‘Phenol to wood ratio.

2.3.1.2 Molecular weight and molecular weight distribution of the liquefied wood

The number average molecular weight (Mn), weight average molecular weight

(Mw), and the polydispersities (Mn/Mw) of the liquefied wood are summarized in Table
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2.4. For the liquefaction conducted in the atmospheric three neck flask, the liquefied
wood had slightly higher Mn, Mw, and Mw/Mn at 180 °C than at 150 °C. It is known
that lignin is very susceptible to the liquefaction reaction, and decomposed lignin has a

. . 13, 14
tendency to undergo a re-condensation reaction. >

It is possible that a re-condensation
reaction would be favored under higher liquefaction temperatures and result in higher
average molecular weight. In the sealed Parr reactor, the average molecular weight of the
liquefied wood decreased as the P/W ratio increased. It might be expected that the sealed
Parr reactor provided a more severe reaction condition than the atmospheric three neck
flask under the same liquefaction temperature. Therefore, the re-condensation reaction
could occur at lower temperatures in the Parr reactor. However, an excessive amount of
phenol could effectively retard the re-condensation of the decomposed wood components

and prevent the increase in the molecular weight of the resulting liquefied wood.”

Table 2.4. Average molecular weight and polydispersity (Mw/Mn) of the liquefied wood.

Three neck flask® Parr reactor”

P/W" Mn Mw Mw/Mn  Mn Mw Mw/Mn

1/1 939.8 1386.0 1.47 1041.2 1570.6 1.51
150 °C®  2/1 952.2 1681.0 1.77 1023.4 1566.1 1.53

3/1 957.2 1477.8 1.54 960.9 1489.0 1.55

1/1 1071.6 1683.3 1.57 1038.5 2024.2 1.95
180 °C®  2/1 1076.6 1694.6 1.57 1011.9 1560.3 1.54

3/1 1057.9 1666.4 1.58 967.6 1384.7 1.43

*Two types of reactors used in wood liquefaction reaction.
®Phenol to wood ratio in wood liquefaction reaction.
“Temperature of wood liquefaction reaction.
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2.3.2 Characterization of liquefied wood residue
2.3.2.1 Chemical analyses

Table 2.5 presents the mean values of Klason lignin, holocellulose, and a-
cellulose contents of the liquefied wood residues from different liquefaction conditions.
In general, the Klason lignin contents of the liquefied wood residue consistently
decreased as P/W ratio increased and were lower than that of the original Chinese tallow
tree wood (20.3%)"® except for the residue from P/W ratio 1/1 in the sealed system. The
liquefied wood residue yielded a lower Klason lignin content at the higher temperature in
the atmospheric system. These results were consistent with the residue content of the
liquefied wood (Figure 2.3) because the high temperature and P/W ratio were expected to
promote the extent of the wood liquefaction reaction,'® and lignin is the most reactive
wood component in the liquefaction reaction."* However, the liquefied wood residue in
the sealed system yielded extremely high Klason lignin contents at P/W ratio 1/1. A
possible explanation to this phenomenon might be the recondensation reaction of the
decomposed lignin units. Several studies reported that the monomeric units of lignin
have a tendency to undergo secondary condensation reactions.'*!” Pu'* found that the
Klason lignin content of the residue gradually increased at lower P/W ratios with an
increase in reaction time. Furthermore, Lin'® reported that guaiacol, an intermediate of
the liquefaction reaction of the lignin model compound guaiacylglycerol-B-guaiacyl ether
(GG), mostly remained intact in the reaction because of the existence of an excess
amount of phenol which competed with it in the nucleophilic reaction. Therefore, with
an increase in P/W ratio, the excess amount of phenol can also retard the tendency of the

lignin re-condensation reaction. However, in the process of solvolysis during wood
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liquefaction, it is also possible that the phenol reacted with the dissolved lignin to form an
intermediate insoluble new substance that was retained in the residue which in turn
effected the Klason lignin determination.

Table 2.5. Mean chemical composition value of liquefied wood residues (The numbers in
the parentheses are standard deviations).

P/W Klason Lignin (%) Holocellulose (%) a -cellulose (%)

150 °C 180 °C 150 °C 180 °C 150 °C 180 °C

Atmospheric cooking

171 17.65(0.57)  15.44(0.29) 69.78(0.41) 71.65(0.43) 42.80(1.09) 47.06(0.25)

2/1 13.25(0.91)  9.16(0.20)  73.68(0.89)  81.25(0.13)  49.38(0.05)  54.09(0.12)

3/1 10.04(0.34)  7.41(0.36)  79.68(0.36) 82.05(0.19) 52.46(0.17) 51.48(0.49)
Sealed cooking

11 26.67(0.45) 40.35(0.59) 63.93(0.16) 53.76(1.57) 39.42(0.32)  30.09(0.15)

2/1 10.63(0.16)  18.98(0.60)  83.56(0.41) 75.86(0.33) 54.63(2.41) 48.33(0.78)

3/1 2.92(0.21) 1.42(0.49)  92.85(0.17) 92.17(0.48) 60.39(0.73)  53.74(0.11)

Holocellulose consists of hemicellulose and cellulose. As listed in Table 2.5, the
average holocellulose content in the residue increased as the P/W ratio increased. The
residues from the higher liquefaction temperature (e.g., 180 °C) had a higher mean
holocellulose content than from the lower temperature (e.g., 150 °C) in the atmospheric
liquefaction system. The result is the opposite in the sealed liquefaction system. As
mentioned above, lignin is the most susceptible component in wood that reacts with
phenol during liquefaction.'® The higher the reaction temperature, the more lignin was
removed from the wood and dissolved into the solvent, and therefore the relatively higher
amount of residual holocellulose. Several studies have reported that the thermal
degradation of wood occurs at around 200 °C."* ' However, the effect of temperature on

thermal degradation of wood differs between wood species, and the characteristics of
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thermal degradation of the three wood components are different from each other. In
general, the thermal degradation of lignin, hemicellulose, and cellulose occurs at around
100, 200, and 300 °C, respectively.'® However, with the additional factor of pressure
associated with temperature in the reaction, thermal degradation in wood can be observed
as low as 100 °C." The research of Stamm? showed that heating in a sealed system
causes more rapid degradation than heating in an open system. Therefore, the severe
thermal degradation of holocellulose at 180 °C in a sealed reaction system could be the
reason for the lower holocellulose content compared to that of the atmospheric system.
The a-cellulose content of the residue showed a very similar trend as the
holocellulose content. The influence of P/W ratio, liquefaction temperature, and cooking
method on a-cellulose content of the residue are also similar with those of holocellulose
and were discussed in the previous paragraph. The only difference between these two
contents is that the residues from the higher liquefaction temperature (e.g., 180 °C)
consistently had a lower a-cellulose content than those at a liquefaction temperature of

150 °C, which could also be due to the degradation of cellulose at higher temperature.

2.3.2.2 FT-IR spectroscopy

FT-IR spectra of woody materials are complex due to the various functional
groups that exist in wood components and the complicated chemical environment of the
wood components. Many peaks in wood IR spectra are broad and often overlap with
neighboring peaks. However, the FT-IR spectra of the residues from atmospheric and
sealed cooking systems did show some differences between each other and to that of the

original wood (Figure 2.4). A broad peak at around 3328 cm™ is due to the —OH groups
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21-22 The peak at 2900 cm™ represents the C-H stretch

either from carbohydrates or lignin.
in methyl and methylene groups.” These two peaks were exhibited in every individual

spectrum of the residue from the different liquefaction conditions.

Transmittance
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Wavenumber (cm'1)

Figure 2.4. FT-IR spectra of residues from atmospheric (spectrum a), sealed cooking
(spectrum b), and untreated wood (spectrum c¢). The P/W ratio was 1/1 and liquefaction
temperature was 150 °C.

An intense absorbance at 1735 cm™ occurred in both the spectra of the original
wood and the residues from the atmospheric liquefaction systems, while it became a
small shoulder or even disappeared (spectra not shown) in the spectra of residues from
the sealed liquefaction systems. This indicates different liquefaction reactions under a
pressurized metal reactor versus an atmospheric glass reactor. It is known that the

absorption bands from 1710 to 1740 cm™ mainly arise from the carbonyl (C=0) stretch in

unconjugated ketone, ester, or carboxylic groups in carbohydrates and not from
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21-2% 1t is also known that carbonyl groups occur abundantly with the methyl and

lignin.
acetyl ester groups in pectin, the acetyl ester groups in xylan, and in the oxidative
products of cellulose.”>*” However, the wood species used in this experiment, Chinese
tallow tree (Triadica sebifera syn. Sapium sebiferum), is not rich in pectin,'® and the most
profound effects of cellulose oxidation occur at 250 °C,*® which is far beyond the
temperature used in this experiment. Consequently, the absorbance band at 1735 cm™ in
the spectra in this experiment is most likely attributed to the ester carbonyl group in
xylan. The phenomenon of the absence of the 1735 cm™ band in the spectra of the
residue from the sealed liquefaction system is very similar to that of the wood or other

829 This phenomenon of

natural cellulosic fiber treated with sodium hydroxide (NaOH).
alkali treated natural fibers has been interpreted as the hydrolysis of the ester linkages in
the xylan.”® Xylans are closely associated with other plant cell wall constituents, such as
lignin and pectic polysaccharides, by ferulic acid or uronic acid through ester linkages.>"
32 In the presence of alkalis, the hydroxyl ions cause the saponification of these ester
linkages and peel off the hemicellulose from their neighboring lignin or cellulose into
solution.” *

Compared to the reaction conditions of the atmospheric liquefaction in the three
neck flask, the disappearance of peak 1735 cm™ in the sealed Parr reactor system could
be due to the pressurized effect or the catalytic effect of the elements associated with the
internal lining of the Parr reactor during the liquefaction process. To explore these two

possible effects, a reaction of wood liquefaction was conducted in a sealed glass tube

under the same conditions used in the liquefaction in a Parr reactor. Figure 2.5 shows the
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Figure 2.5. FT-IR spectra of residues from sealed glass tubing reactor (spectrum a), Parr
reactor (spectrum b), and three neck flask (spectrum c).

spectrum of the LWR from three different reactors (i.e., a sealed glass tube, a Parr
reactor, and a three neck flask reactor). By comparison of spectrum a (sealed glass tube)
and spectrum c (three neck flask reactor), the similarity of a strong absorbance at 1735
cm’ in both spectra indicates that the effect of pressure was not the cause of the breaking
of the carbonyl bonds in the hemicellulose. Therefore, the catalytic effects of some metal
elements associated with the Parr reactor is likely the main reason that caused the
breaking of the ester carbonyl bonds in the hemicellulose during the liquefaction process.
The Parr reactor used in this experiment was made from stainless steel T316,
composed of iron (65%), nickel (12%), chromium (17%), molybdenum (2.5%),
manganese (2%), and silicon (1%).” It is well known that iron can be easily oxidized to

Fe*" or Fe’™ ions under acidic conditions, corresponding to the conditions used in this
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Figure 2.6. FT-IR spectra of the liquefied wood residues from sealed glass tubing reactor
with the addition of FeCl, (spectrum a), FeCls (spectrum b) and untreated tallow wood
particles (spectrum c). P/W ratio was 1/1 and liquefaction temperature was 150 °C.
experiment. In addition, iron is more active than most other metal elements present in the
Parr reactor, and it constitutes the major element in T316 stainless steel. Therefore, it is
postulated that Fe*" and/or Fe’" ions were the possible catalysts that helped to break the
ester bond in xylan. Thus, a further experiment of wood liquefaction was conducted with
the addition of a small amount of FeCl, or FeCl; in a sealed glass tube. Figure 2.7 shows
the FT-IR spectra of the LWR with the addition of iron additives and untreated tallow
wood particles. It can be seen that the 1735 cm™ peak disappeared in the spectra of LWR
with FeCl, and FeCls. Based on the above results, it is very likely that Fe*" and/or Fe’*
ions released from the internal walls of the Parr reactor helped to break down the ester

carbonyl bond in the xylan during the acidic wood liquefaction reaction and caused the

differences in the FT-IR spectra between the liquefied wood residue from the Parr reactor
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and the three neck flask. Some researchers have reported that some transition metals,
especially iron species, can be used as redox catalysts in the pyrolysis of brown coal and
the oxidation of phenol.***” However, no research on the catalytic effect of iron ions on
wood liquefaction has been reported yet. Further study is needed to study this possibility.

The absorbance at 1592 and 1506 cm™' correspond to aromatic skeletal (lignin)
vibrations.?' In general, the intensities of these peaks diminished in the spectra of the
liquefied wood residue from the atmospheric conditions and almost disappeared in that of
the sealed condition, suggesting that the lignin might react to a greater extent under the
sealed liquefaction conditions than the atmospheric condition.

The spectra of the liquefied wood residue from different P/W ratios are shown in
Figure 2.7. It can be seen that the spectra were very similar except that the intensities at
peak 1203 cm™ increased as the P/W ratio increased. Meanwhile, this peak was absent in
the spectra of the original wood and the residue from the atmospheric system (Figure
2.4). The absorbance at 1203 cm™ is due to the —OH plane deformation,”' indicating that
this peak might be related to the phenol-lignin complex retained at the residue.

It is interesting to note that the FT-IR analysis of the lignin component of the
residue has led to some indications that the spectral changes in the regions 1592, 1506,
and 1203 cm™ were related to the mechanism and characteristics of wood liquefaction.
As discussed earlier, however, the determination of lignin content of the liquefied wood
residue was related to the amount of the lignin dissolved into the liquefied wood, the
extent of the recondensation reaction among the decomposed lignin, and the formation of

the insoluble intermediate compounds from the reaction of the phenol and the dissolved
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Figure 2.7. FT-IR spectra of residues from P/W ratio of 1/1 (spectrum a), 2/1 (spectrum
b), and 3/1 (spectrum c) in a sealed liquefaction system at temperature of 150 °C.

lignin. Therefore, the extent of the effects of these reactions on the FT-IR spectra are
rather complex and difficult to thoroughly understand. In order to clarify and
characterize the possible formation of phenol-lignin compounds and/or recondensation of
the decomposed lignin, it is necessary to apply qualitative and quantitative analysis by
classical chemical methods together with HPLC and GC-MS. Such experimentation is
under consideration.

No significant differences in the spectra of the residues from different temperature

were observed (spectra not shown).
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2.3.2.3 X-ray diffraction
The liquefied wood residue displayed a typical X-ray diffractogram pattern as that

of cellulose I (Figure 2.6). In particular, the major diffraction planes of cellulose, namely
101, IOi, 002, and 040 are present at diffraction angles 20 around 14.9, 16.3, 22.5, and

34.6 °, respectively.’”® However, unlike a pure cellulose sample, the peaks of 101 and 101
diffraction planes in the X-ray diffractograms of liquefied wood residue overlapped with
each other and formed one broad peak. This phenomenon was also reported by other

39, 40

researchers and is likely caused by the existence of a small amount of hemicellulose

and lignin in the liquefied wood residue.

Table 2.6. The X-ray crystallinity index (Crl, %) of the LWR from different liquefaction
conditions. (The number in the parentheses are the standard deviation of the Crl value.)

Liquefaction _
Original
temperature 150 °C 180 °C
wood
Phenol/wood .
particle
ratio (W/w) 1/1 2/1 3/1 1/1 2/1 3/1
Atmospheric 55.11 60.18 59.59 58.14 62.60  61.09 45.85
system (1.37) (0.67) (1.58) (1.77) (2.01) (0.21) a '73)
54.86 62.43 63.72 48.44 60.98  65.87 '
Sealed system
(0.89) (0.71) (0.90) (1.01) (1.24) (1.04)

The X-ray crystallinity index (Crl) of the liquefied wood residues from different
liquefaction conditions are listed in Table 2.8. In general, the Crl of the liquefied wood

residue is higher than that of the original wood powder and increased as the P/W ratio
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Figure 2.8. Typical XRD diffractogram of the liquefied wood residue.
increased from 1/1 to 3/1 except for the Crl values of the residue at P/W ratio 2/1 and 3/1
were very close in the atmospheric system. This result was expected because of the
increasing amount of lignin that was removed from the amorphous region of the liquefied
wood residue as the P/W ratio increased during the liquefaction process (Table 2.5). Itis
important to note that the Crl is used to indicate the relative, rather than the absolute,
amount of the crystalline region in cellulose.”” Therefore, when the lignin in the
amorphous region decreased, the relative portion of the crystalline region of cellulose
increased. A similar result was also found by other researchers.*' It is also noted that the
residue from the Parr reactor with a P/W ratio of 1/1 had the lowest crystallinity index
(Crl) and the highest lignin content. The recondensed lignin should still be a highly

branched amorphous polymer. Therefore, the low Crl of the residues from the Parr
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reactor at P/W ratio 1/1 might be due to the high amount of recondensed lignin left in the
residue, indicating a more severe lignin recondensation reaction in the Parr reactor than
the three neck flask. The Crl result of the liquefied wood residue is very consistent with
the a-cellulose content of the liquefied wood residue (Table 2.5). The higher the a-
cellulose content in the liquefied wood residue, the higher the CrI value of the liquefied
wood residue. In addition, the XRD result of the liquefied wood residue also gives a
piece of supporting evidence for an explanation to the result in our previous study.*
Namely, the liquefaction rate of the three wood components is in a decreasing order of
hemicellulose, lignin, amorphous cellulose, and crystalline cellulose. There is no obvious
evidence in this experiment of the liquefaction rate of hemicellulose. However, the lignin
did undergo a faster liquefaction rate than the cellulose, thus leaving the crystalline
cellulose almost intact in the liquefied wood residue since the crystalline structure in
cellulose greatly limits the access to B-1,4-glycosidic bonds by reactants and catalysts.*
In fact, water is almost completely excluded from the crystalline region in cellulose.*
Conversely, the amorphous part of cellulose is more readily accessible by water and other

44
reactants.

2.3.2.4 Scanning electron microscopy

The SEM images of the original wood powder and the liquefied wood residues
from P/W ratio 1/1 to 3/1 are shown in Figure 2.7a-d. The surface of the original wood
powder is rough and many small fragments of cell wall components are present due to the
mechanical processing procedures (Figure 2.7a). As seen from Figure 2.7b, most small

fragments attached on the surface of the wood powder have been removed at the P/W
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ratio 1/1, but the liquefied wood residue mostly remained in its original fiber bundles. As
the P/W ratio increased to 2/1 and 3/1, the fiber bundles started to break down from the
two ends to reduce the size of the fiber bundles mainly because the chemical penetration
in the longitudinal direction is known to be several times greater than that across the
grain of the fiber bundles. As the P/W ratio increased, eventually the bundles were
broken down to individual fibers because the lignin, which works as the binding and
supporting material in the middle lamella in wood tissue, had been gradually removed,
starting from the outer layer and progressing to inside of the fiber bundles (Figure 2.9¢c-
d). These results also correspond well with that of the chemical analyses and X-ray

diffraction.

(a) (b)

Figure 2.9. SEM micrographs of the original Chinese tallow tree wood (a), the liquefied
wood residue at P/W ratio 1/1 (b), 2/1 (c), and 3/1 (d). (figure continued)

2.4 Conclusions
The percentage free phenol in the liquefied wood mixture increased while the

phenol conversion decreased with the increase of the P/W ratio. The liquefied woods
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made in the atmospheric three neck flask have higher average molecular weight under
higher liquefaction temperature. The average molecular weight of the liquefied wood
conducted in the sealed Parr reactor decreased as the P/W ratio increased.

All three experimental variables (e.g., P/W ratio, liquefaction temperature, and
cooking method) had significant effects on the characteristics of the liquefied wood
residues. Higher P/W ratio and temperature resulted in lower residue content in the
sealed liquefaction system. Lignin is the most susceptible wood component to the
liquefaction reaction among the three main wood components and can be mostly removed
from wood at a P/W ratio of 3/1 in a sealed reaction system. However, lignin also
undergoes a recondensation reaction when there is insufficient reagent solvent (i.e.,
phenol) in the sealed reaction system. The holocellulose and a-cellulose contents of the
residues increased with the increase of P/W ratio, which is consistent with the decrease of
Klason lignin content. The difference in the FT-IR spectra of the residues from
atmospheric and sealed cooking also confirms the significant effects of these two cooking

methods on wood liquefaction and the characteristics of the residues. The Crl of
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liquefied wood residue is higher than original wood powder and slightly increased as the

P/W ratio increased, indicating that lignin undergoes a faster liquefaction rate than

crystalline cellulose.
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CHAPTER 3

SYNTHESIS, CHARACTERIZATION, AND CURE KINETICS OF
NOVOLAC TYPE LIQUEFIED WOOD RESIN

3.1 Introduction

The technique of wood liquefaction in the presence of phenol with oxalic acid as a
catalyst and the characterization of liquefied wood and liquefied wood residue have been
discussed in the previous chapter. Liquefied wood can be applied as a precursor in
preparing various products, such as phenolic resins and polyurethane foams, depending
on the reagent solvent used in the liquefaction. Novolac type liquefied wood resin
(LWR) can be prepared from the condensation reaction of formaldehyde and liquefied
wood using phenol as the reagent solvent. Some studies have been done to investigate
the effects of several variables, such as phenol to formaldehyde molar ratio, and catalyst
concentration on the physical properties of LWR and mechanical properties of the
molded products from LWR.'™ It has been reported that the further condensation
reaction of liquefied wood and formaldehyde is an effective method to convert the
unreacted phenol (i.e., free phenol) remaining from the liquefaction stage and therefore,
greatly improve the thermal flow properties and the mechanical properties of the original
liquefied wood.”

A comprehensive understanding of the cure kinetics of a resin is crucial for the
optimization of bond strength of the resin and the mechanical properties of the products.
An accurate cure kinetic model helps to predict the cure behavior of the resin for process
design and control, and thus optimize the cure process. Differential scanning calorimetry

(DSC) has been an universal tool to elucidate key cure process parameters such as the
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extent and rate of chemical conversion of polymer cure reaction.* Many studies have
investigated the cure kinetics of phenol-formaldehyde (PF) resins using dynamic and/or
isothermal DSC. The Kissinger equation is primarily used in the dynamic DSC to
calculate the activation energy of the cure reaction of PF resin.5” The advantage of
dynamic DSC is that it can provide extensive information of the cure reaction from only a
single dynamic scan.* However, this method assumes a n#h order mechanism of the cure
reaction. For the majority of thermoset cure reactions, the dynamic DSC usually over
estimates the kinetic parameters with respect to isothermal data.*” Lei et al."
summarized a detailed isothermal DSC method in his study of the cure kinetics of PF
resins used for oriented strandboard. Wang et al.'' compared the abilities of two model-
free kinetic methods to model and predict cure kinetics of commercial PF resols. Since
PF resin is the most commonly used adhesive in the wood composite industry, the effects
of wood and wood-resin interactions on the cure kinetics of the PF resin have been
studied."*"* Some other factors, such as additives and the NaOH to phenol ratio during

the synthesis process, also affected the cure kinetics of the PF resins.®'>!°

Lignin is the
most susceptible wood component to liquefaction reaction.'”'® Thus, the LWR should
have some similarity with the lignin-phenol-formaldehyde (LPF) resins. The cure
kinetics of the LPF resins showed that the LPF resin had a higher activation energy than a
typical PF resin.” '~ 2°

Despite many advances in liquefied wood resin, some fundamental aspects of this

new resin system are still lacking. The objectives of this chapter are to 1) synthesize

liquefied wood resins, 2) characterize the resins by gel permeation chromatography
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(GPC) and Fourier transform infrared (FT-IR), and 3) study the cure properties and build

cure kinetic models for the resins based on DSC analysis.

3.2 Experimental
3.2.1 Materials

The raw materials for wood liquefaction are the same as in Chapter 2.
Hexamethyleneteramine (HMTA) and calcium hydroxide were used as a hardener and an

accelerator, respectively, in the cure reaction. All other chemicals were of reagent grade.

3.2.2 Synthesis of novolac type liquefied wood resin

The procedures for synthesis of the novolac type LWR are shown in Figure 3.1.
The wood liquefaction parameters were the same as in Chapter 2. After the liquefaction
reactions, the mixture was combined with formaldehyde (36%) at a phenol/formaldehyde
molar ratio of 1/0.8 (phenol was based on the initially charged amount) and additional
oxalic acid (7% of phenol, w%), and then refluxed under continuous stirring at 105 °C for
80 min. The co-condensed mixture was then diluted with acetone and vacuum filtered to
separate the undissolved wood residue and the dissolved resin. Finally, the LWR was
obtained by pressure-reduced removal of the acetone and stored in a refrigerator for

further characterization.
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The GPC measurements were performed using a Waters-Wyatt GPC system

equipped with multi-angle laser light scattering (did not use in this experiment) and

differential refraction index detectors. Two Jordi Flash Gel Mixed Bed columns (250 x

10 mm) were used in series. Tests were conducted at ambient temperature using

tetrahydrofuran (THF)/methanol (90/10) mixture as the mobile phase at a flow rate of 1.0

ml/min. Resin samples were dissolved in the same solvent as the mobile phase at a

concentration of 5 mg/ml in solution. The amount of each sample injection was 100 pl.

The calibration curve was the same as in Chapter 2.
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3.2.4 Fourier transform infrared spectroscopy (FT-IR)
The FT-IR analysis of the LWR was performed using a Nicolet Nexus 670
spectrometer equipped with a Thermo Nicolet Golden Gate MKII Single Reflection ATR

accessory. A small amount of resin was applied directly on the diamond crystal.

3.2.5 Differential scanning calorimetry (DSC)

The DSC measurements on the cure reactions of the LWR were performed using
a TA Instrument DSC-Q100 calorimeter. Two typical LWR were chosen in the cure
kinetic study: LWR1, made from liquefied wood reacted in the atmospheric three neck
flask with P/W ratio 2/1 and liquefaction temperature 180 °C; and LWR2, made from
liquefied wood reacted in a sealed Parr reactor with the same P/W ratio and temperature
as the LWR1. LWR, HMTA, and calcium hydroxide were homogeneously mixed in a
weight ratio of 1/0.2/0.25. A small amount (10-15mg) of the sample was placed in a high
volume DSC sample pan that can withstand vapor pressures up to 10 MPa.

Two empty sample pans were used at cure temperature to obtain a steady
isothermal baseline. Four cure temperatures (120, 125, 130, and 135 °C) were employed
in the isothermal heating experiments for each LWR. A continuous curve was obtained
for each run showing the rate of heat generated by the sample per gram as a function of
time. The reaction was considered complete when the rate curve leveled off to the
baseline. For each sample, after the first isothermal run, the sample was rapidly cooled in
the DSC cell to 25 °C, and the same isothermal run was started again. The curve used to
calculate the heat of cure was obtained by subtracting the curve of the second isothermal

run from the first run. The total area under the exothermal curve, based on the
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extrapolated baseline at the end of the reaction, was considered the isothermal heat of
cure at a given temperature. Dynamic scans were also conducted with four heating rates

(5, 10, 15, and 20 °C/min.) in a scanning temperature range from 25 to 200 °C.

3.3 Results and Discussion
3.3.1 Gel permeation chromatography

The number average (Mn), weight average (Mw) molecular weight, and the
polydispersity (Mw/Mn) of the LWR were calculated using the calibration curve and the
results were given in Table 3.1.

Table 3.1. Average molecular weight and polydispersity (Mw/Mn) of the LWR
synthesized from liquefied wood reacted in different conditions.

Three neck flask® Parr reactor”

P/W® Mn Mw Mw/Mn  Mn Mw Mw/Mn

1/1 1207.5 23783  1.97 1336.7 38225  2.86
150 °C*  2/1 14543 34766  2.39 1284.5 26929  2.09

3/1 1589.7 39208  2.46 12246 26448  2.13

1/1 1277.6 27948  2.19 12462  3052.1  2.44
180 °C*  2/1 1458.1  3720.8  2.55 1270.0  3679.9  2.89

3/1 1489.9 38315  2.56 1118.9 22497  2.00

*Temperature of wood liquefaction reaction.
®phenol to wood ratio in wood liquefaction reaction.
‘two types of reactors used in wood liquefaction reaction.

It can be seen that the LWR made from the liquefied wood using two types of
reactors (i.e., atmospheric three neck flask and sealed Parr reactor) had the opposite
trends for Mn and Mw as the P/W ratio changed from 1/1 to 3/1. The Mn and Mw of the
LWR from the three neck flask increased while they slightly decreased with the liquefied

wood from the Parr reactor as the P/W ratio increased. Figure 3.2 (three neck flask
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system) and 3.3 (Parr reactor system) illustrated the changes in GPC chromatograms of
the LWR with the P/W ratio. Figure 3.4 and 3.5 demonstrated the difference between the
GPC chromatograms of the LWR made from the liquefied wood conducted in two
different reactors at P/W ratio of 1/1 and 3/1, respectively. All of the GPC
chromatograms of the LWR exhibit similar shapes of two broad peaks and are partially
overlaid on each other. This lack of separation between different species is a typical
behavior of phenolic resin in conventional GPC and results from the multiplicity of

phenolic resin species having similar hydrodynamic volumes.*'

b
b4
[7/]
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(a]
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P/W=2/1
P/W=1/1
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Figure 3.2. GPC chromatogram of the LWR made from the liquefied wood using
atmospheric three neck flask at different P/W ratios.
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Figure 3.3. GPC chromatogram of the LWR made from liquefied wood using a sealed
Parr reactor at different P/W ratios.
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Figure 3.4. GPC chromatograms of LWR using two type of reactors at a P/W ratio of 1/1.
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Figure 3.5. GPC chromatograms of the LWR using two type of reactors at P/W ratio of
3/1.

It can be speculated that there were two different effective compositions in the
liquefied wood mixture that can react with formaldehyde during the polymerization
process: free phenol remaining from the liquefaction stage and the decomposed wood
components (i.e., liquefied wood). Moreover, most liquefied wood consists of
decomposed lignin fragments with the C2 and/or C6 position blocked by methoxyl
groups. Therefore, liquefied wood should be less active than phenol in the
polymerization reaction because of fewer reaction sites and steric hindrance. Based on
the results from Chapter 2, wood liquefaction conducted in the Parr reactor has a greater
extent of liquefaction, in other words, more wood components have been decomposed
into liquid, than that in the three neck flask system. As a result, it is very likely that the
polymerization reaction between free phenol and formaldehyde dominated the resin

synthesis process of the LWR made from the liquefied wood using the three neck flask,
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and therefore, the average molecular weight increased with the increased amount of free
phenol (i.e., increasing of the P/W ratio, see Chapter 2). Compared with the three neck
flask, the condensation reaction in the resin synthesis system with the liquefied wood
from the Parr reactor was less effective because of the existence of large amounts of
decomposed wood components. Consequently, it has lower average molecular weight

than the LWR made from the liquefied wood using the atmospheric three neck flask.

3.3.2 FT-IR spectroscopy

Figure 3.6 to 3.8 show the FT-IR characteristics of the novolac-type liquefied
wood resins. The assignment of the main bands showed in the spectra is summarized in
Table 3.2 according to the literature.

In general, novolac-type LWR showed a similar FT-IR absorbance to that of a
conventional novolac resin. However, with the incorporation of wood components, the
FT-IR spectra of the LWR contained some different bands compared with that of the
conventional novolac resin. Figure 3.6 and 3.7 show the FT-IR spectra of two typical
LWR compared with a conventional novolac resin. The major difference in the spectra
between the LWR and the conventional novolac is the absorbance in the carbonyl region.
Moreover, changes in the liquefaction conditions result in LWR with different
absorbance pattern in this region. As shown in Figure 3.6, the LWR made from the
liquefied wood reacted in the atmospheric three neck flask has 3 peaks at 1735, 1697, and
1654 cm™ due to the ester carbonyl stretch, aryl ketone or aldehyde carbonyl stretch, and

the di-substituted alkene C=CH,, respectively. The LWR made from the liquefied wood
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reacted in the sealed Parr reactor showed one broad peak centered at 1708 cm™ mainly

due to the aryl aldehyde C=O stretch (Figure 3.7).

Table 3.2. FT-IR assignment of the LWR.

Wavenumber

(cm-) Assignment References
3350 phenolic and methylol —OH stretch 22
3017 Aryl-H stretch 23
2916 Aliphatic -CH, asymmetric stretch 23,24,25
2838 Aliphatic —CH, symmetric stretch 23,2425
1735 Ester C=0 stretch 26
1708 Aryl aldehyde C=O0 stretch 26
1697 Aryl aldehyde, ketone C=O stretch 26
1654 di-substituted C=C (gem) stretch 26
1610 Aromatic C=C strctch 22,24,2527
1510 Semicircle aromatic C=C stretch 22,24,2527
1475 Tetra substituted ring 24
1456 Semicircle ring stretch 24
1436 Aliphatic —CH, scissor bending 24,25
1350 Phenolic OH in plane deformation 22,24,25,26
1328 CHjs attached to the aromatic ring 24
1215 Phenolic OH bending, C-O stretch 26
1168 Alkyl-phenol C-O stretch 25
1099 Aromatic CH in plane deformation 22,2425
1040 Single bond C-O stretch, -CH,OH vibrations 27
1013 Aliphatic ethers C-O-C stretch 26
940 -CH=CH, 26
908 Aliphatic CH, wag 24,25
885 Tetra substituted ring 22,24,27
811 Adjacent 2H, para-substituted 22,28
753 Adjacent 4H, ortho-substituted 22,28
691 Adjacent 5H, phenol 22,2427

However, the conventional novolac resin showed no absorbance in this region as

expected. The spectra of the LWR also showed 2 weak bands at 1475 and 885 cm’™

caused by the tetra substituted (1, 2, 4, and 6) ring which did not occur in the spectra of

the novolac resin. A possible explanation for this result could be the existence of some

lignin fragments, most of which are tetra substituted aromatic rings, in the LWR. A sharp

peak at 691 cm™ in the spectra of the LWR represents the mono substituted aromatic ring
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(i.e., phenol). This peak diminished in the spectra of the novolac resin, indicating that the
LWR synthesized in this study contained a higher amount of free phenol than the
conventional novolac resin. Based on the above discussion, the absorbance at 1735,
1708, 1697, 1654, 1475, and 885 cm™ are very likely associated with the wood

components that reacted with phenol during the liquefaction reaction.

novolac

[}
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£
0n
=
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|_ /

885

1475 /
691
3650 3150 2650 2150 1650 1150 650

Wavenumber (cm™)

Figure 3.6. FT-IR spectra of LWR (three neck flask; P/W=2/1; 150 °C) and conventional
novolac resin.

Figures 3.8-3.11 show the spectra of the LWR made from liquefied wood reacted
at different phenol to wood (P/W) ratios during the liquefaction. As shown in Figure 3.8
(atmospheric, liquefaction temperature 150 °C), the peak at 2838 and 1436 cm™', which
are associated with CHj stretch and bending, have a higher intensity at P/W ratio 2/1 and
3/1 than P/W ratio 1/1. A sharp peak at 1697 cm™ occurred in the spectra of the LWR

from P/W ratio 2/1, and the intensity of this peak increased dramatically when the P/W
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Figure 3.7. FT-IR spectra of the LWR (Parr reactor; P/W=2/1; 180 °C) and the
conventional novolac resin.

ratio increased to 3/1. Meanwhile, the peak at 1654 cm™ diminished from P/W ratio 1/1
to 2/1 and almost disappeared in the spectra of LWR from P/W ratio 3/1. The two other
peaks that increased in intensity with an increase of P/W ratio are 1475 and 1013 cm™,
which were caused by tetra substituted ring and ether C-O-C stretch, respectively. On the
contrary, peaks at 1654 and 940 cm™ were due to the di-substituted alkene and —-CH=CH,
alkene, respectively, decreased in intensity as the P/W ratio increased. The FT-IR spectra
of the LWR made from liquefied wood with liquefaction temperature of 180 °C (Figure

3.9) showed very similar features as that of temperature of 150 °C (Figure 3.8).
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Figure 3.8. FT-IR spectra of the LWR at 3 P/W ratios (three neck flask, 150 °C)
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Figure 3.9. FT-IR spectra of the LWR at 3 P/W ratios (three neck flask, 180 °C).
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The LWR from the sealed Parr reactor did not exhibit significant differences in
the FT-IR spectra among the three P/W ratios (Figure 3.10, 3.11). Similar to the LWR
from the atmospheric system, the absorbance at 2838, 1475, 1436, and 1013 cm’! showed
a weak increasing trend as the P/W ratio increased. Unlike the spectra of the LWR from
the atmospheric system, a weak band at 1328 cm™ occurred in the spectrum of the LWR
from the sealed Parr reactor at P/W ratio 1/1 while it disappeared in the spectra of that
from P/W ratios 2/1 and 3/1. On the other hand, the absorbance at 908 cm™' due to the
aliphatic CH, wag occurred as an intense peak in the spectra of the LWR from P/W ratio

2/1 and 3/1, but decreased in intensity as the P/W ratio decreased to 1/1.

P/W=3/1

Transmittance

1328
908

3650 3150 2650 2150 1650 1150 650

Wavenumber (cm'1)

Figure 3.10. FT-IR spectra of the LWR at 3 P/W ratios (Parr reactor, 150 °C).
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Figure 3.11 FT-IR spectra of the LWR at 3 P/W ratios (Parr reactor, 180 °C).

As described in Chapter 2, liquefaction reaction conducted in the atmospheric
three neck flask and the sealed Parr reactor underwent different liquefaction mechanisms.
The FT-IR spectra of the LWR made from the liquefied wood reacted in these two
systems also implied different reactions in the liquefaction stage of two systems (Figure
3.12-14). The spectra of the LWR from the three neck flask shows an absorbance at 1735
cm’' due to the ester carbonyl groups in the carbohydrate components in wood, which
does not occur in the spectra of the LWR from the Parr reactor. This result is consistent
with the FT-IR result of the liquefied wood residues (Chapter 2), indicating that the ester
carbonyl groups have been broken down during the liquefaction reaction when using the
Parr reactor. It is also noted that the LWR from the three neck flask displayed 3 bands

(i.e., 1735, 1697, and 1654 cm'l) in the 1800-1600 cm’® region while the LWR from the
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Parr reactor only showed one peak at 1708 cm™ in the same region, which might due to
the different liquefaction extent of the carbohydrate components of wood. Namely, the
hemicellulose compounds might still exist in the liquefied wood conducted in the
atmospheric three neck flask system, but they might be oxidized or decomposed in the

system using the sealed Parr reactor.

three neck flask

Transmittance

3650 3150 2650 2150 1650 1150 650

Wavenumber (cm'1)

Figure 3.12 FT-IR spectra of the LWR from two types of reactors (P/W=1/1; 150 °C)
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Figure 3.13 FT-IR spectra of the LWR from two types of reactors (P/W=2/1; 150 °C)
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Figure 3.14 FT-IR spectra of the LWR from two types of reactors (P/W=3/1; 150 °C)
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3.3.3 Cure properties of the liquefied wood resin

Table 3.3. ANOVA results on cure properties of the LWR by the GLM procedure.

Source df Type Il SS  Mean F Value Pr>F
Square

1. dependent variable: onset temperature (To)

Y 1 6.1509 6.1509 5.45 0.0378
T 1 7.7634 7.7634 6.88 0.0223
pP° 2 28.8582 14.4291 12.78 0.0011
M*P 2 56.3178 28.1589 24.95 <0.0001
T*P 2 20.9256 10.4630 9.27 0.0037
2. dependent variable: peak temperature (Tp)

Y 1 75.9704 75.9704 169.96 <0.0001
T 1 7.2600 7.2600 16.24 0.0017
pP° 2 102.5526 51.2763 114.71 <0.0001
M*P 2 133.9599 66.9799 149.85 <0.0001
T*P 2 12.7891 6.3945 14.31 0.0007

“reactor type
®liquefaction temperature
“phenol to wood ratio

The effects of three variables in the liquefaction stage (i.e., reactor type,
liquefaction temperature, and phenol to wood ratio) on the cure onset temperature (To)
and peak temperature (Tp) of the LWR were analyzed by ANOVA and the results are
listed in Table 3.3. All of the three variables had significant effects on the cure properties
of the LWR. On average, the LWR made from the liquefied wood using the three neck
flask and under lower liquefaction temperature (150 °C) had lower To and Tp than those

using the Parr reactor and under higher temperature (180 °C). And the To and Tp of the

LWR decreased as the phenol to wood (P/W) ratio increased.
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The P/W ratio variable had significant interactions with both reactor type and

liquefaction temperature as shown in Figure 3.15 and 3.16. With the liquefied wood



from the sealed Parr reactor, both the To and Tp of the LWR decreased as the P/W ratio
increased. However, they increased from P/W ratio of 1/1 to 2/1 then decreased slightly
as the P/W ratio increased to 3/1 with the liquefied wood from the atmospheric three neck
flask system (Figure 3.15). The effects of the P/W ratio on the To and Tp of the LWR
also showed a similar interaction trend with the variable of liquefaction temperature. It
can be seen from Figure 3.16 that the To and Tp of the LWR made from the liquefied
wood obtained at higher temperature dropped from 130.5 °C and 147.5 °C to 126.8 °C
and 141.3 °C, respectively. But with the lower liquefaction temperature, the To and Tp

decreased from P/W ratio 1/1 to 2/1 then increased as the P/W ratio increased to 3/1.

3.3.4 Cure kinetics of the liquefied wood resin
3.3.4.1 Dynamic DSC analysis

Table 3.4. Cure temperatures of two liquefied wood resins at different heating rate.

) ) Onset temperature (°C) Peak temperature (°C)
Heating rate, @ (°C/min)

LWRI1 LWR2 LWRI1 LWR2

0° 115.8 113.3 128.7 129.9

5 121.0 118.6 134.2 135.2

10 127.1 125.6 142.5 143.8

15 133.5 131.2 148.8 150.0

20 137.6 136.4 153.5 154.4

*Extrapolated values from the intercepts of the onset temperatures and peak temperatures
versus heating rate plots, respectively.
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Figure 3.17. Dynamic DSC curves of LWRI (a) and LWR2 (b).
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The dynamic DSC curves of the two LWR at different heating rates are shown in
Figure 3.17 and the results are listed in Table 3.4. The onset (To) and peak (Tp)
temperatures of both resins shifted to higher temperatures with increased heating rate.
The actual cure temperatures are independent of heating rate. In other words, they are the
temperatures at a heating rate of zero.'® As listed in Table 3.4, the cure reaction of
LWRI1 resin starts at about 116 °C and reached the highest cure rate at around 129 °C.
Compared to LWRI, the liquefied wood resin LWR2 had a lower onset temperature of
113 °C and a slightly higher peak temperature of 130 °C. The result shows that the two
liquefied resins synthesized under atmospheric and sealed conditions have similar cure
activities at the higher temperature of 130 °C while the resin from the sealed condition
(LWR?2) was more active at lower temperature than that from the atmospheric condition
(LWR1).

Most other studies on the cure kinetics of LPF resin have used the dynamic DSC
method. To compare with the LPF resin, the dynamic method developed by Kissinger”
was also used in this experiment. The Kissinger equation is:

ln(%J:—E-L—Hn(Ej (1)
T R T, E

»
where @ is the heating rate (K/s), T, the peak temperature (K) at the given heating rate,
and R is the gas constant. The activation energy (E) can be obtained by linear regression
of Equation 1. Based on this method, the activation energies of the LWR1 and LWR2
were 96.55 and 97.54 KJ/mol, respectively. These values were higher than typical PF

resin reported by other researchers.”'® However, they were similar to that of a LPF
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resin.'” This result may be due to the lower reactivity of the lignin fragments that are

incorporated into the resin compared with the phenol.”"

3.3.4.2 Isothermal cure kinetics

In general, two kinetic models are used in the cure of thermosetting materials in
terms of the mechanisms of their cure reaction: n”-order and autocatalytic. For
thermosets that follow the n”-order kinetics, the conversion rate (da/dt) is proportional to
the concentration of unreacted materials and can be expressed as Equation (2):

da ;
e k(l1-a) (2)

where o is the conversion of the reactant at time ¢, n the reaction order, and % is the
temperature dependent rate constant given by the Arrhenius Equation (3):

k = Aexp(—E/RT) (3)
where E is the activation energy, R is the gas constant, 7 is the absolute temperature, and
A 1is the pre-exponential factor. Autocatalytic thermoset cure reactions are the type where
one of the reaction products is also a catalyst for further reactions.® Thus, the reactions
are characterized by an accelerating isothermal conversion rate and reach the maximum
rate between 20 to 40% of conversion, typically.® The reaction rate is defined as Equation
(4):

d—a:k’a’”(l—a)” 4)
dt

where m and n are the reaction orders and 4 the rate constant also given by the Arrhenius
Equation (3). To take into account the autocatalytic reactions that the initial reaction rate

is not zero, a generalized expression was proposed by Kamal®” as follows:
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92 _ k1 ka1 a)’ )
dt

where k; and k; are the rate constants, and &; can be determined as the reaction rate at

=0:

da
kl - (Ejt=0 (6)

The basic assumption of the application of DSC for the thermoset curing is that
the measured heat flow (dH/dt) is proportional to the conversion rate (da/dt), and this has
proven to be a reasonably good assumption®. The rate of change in the conversion can
therefore be defined as follows:

da _ dH/dt
dt AH,

(7)

where AH, is the total reaction heat associated with the cure process.

A series of isothermal DSC curves of the reaction rate as a function of time for the
two liquefied wood resins are shown in Figure 3.18. It can be seen that with an increase
of the cure temperature, the peak values of the reaction rate increased and shifted to
shorter reaction times. The maximum conversion rate (do/dt) occurring at t#0 suggests
an autocatalytic cure kinetic mechanism of these two resins. By partial integration of the
areas under the curves in Figure 3.18, the fractional conversion as a function of time was
obtained and plotted in Figure 3.19. Both of the liquefied wood resins reached about
70% conversion within 20 minutes at the testing temperatures. Generally, the higher the

isothermal cure temperature, the sooner the reaction reaches the same level of conversion.
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Figure 3.18. Conversion rate as a function of time at different isothermal
temperatures of LWRI1 (a) and LWR2 (b).
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But the cure time was prolonged after the conversion reached 80% at the higher cure
temperature of 135 °C compared with that at 125 and 130 °C. This phenomenon is
possibly due to the onset of vitrification at higher cure temperatures. The mobility of the

reaction groups could have been hindered, and the rate of conversion would then be

31,32

controlled by diffusion rather than chemical factors.

Conversion (a, %)

0 26 46 f;O 86 160 120
Time (min.)
(a)
Figure 3.19. Conversion as a function of time at different isothermal temperatures of
LWRI (a) and LWR2 (b). (figure continued)
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Figure 3.20 shows the curves of the conversion rate as a function of conversion.
It is clearly shown that the cure reaction of both liquefied wood resins follows an
autocatalytic kinetics mechanism with the maximum conversion rate in the 10 to 30%
conversion region.

Table 3.5: Isothermal cure kinetic parameters of two liquefied wood resins.

LWRI1 LWR2
Temp.
k1 k2 k1 k2
0 4 2 -1 n m 4 2 -1 n m
(107, s7) (107,s7) (107,s7) (107,s7)
120 6.62 1.15 3.03 1.20 8.54 0.59 2.53  1.01
125 10.93 1.71 3.19 1.14 12.69 0.86 242  0.90
130 17.99 1.78 3.09 0.95 17.81 0.87 2.87 0.74
135 29.84 1.81 349 0.81 29.36 1.13 3.04 0.74
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Figure 3.20. Conversion rate versus conversion plots of LWR1 (a) and LWR2 (b).
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Table 3.6. Activation energies and pre-exponential factors of two liquefied wood resin.

E1 E2
Resin InA, InA,
(kJ/mol) (kJ/mol)
LWRI1 133.76 33.61 37.61 7.15
LWR2 107.70 25.87 52.82 11.08

1%-32 the kinetic parameters of

According to Eq. 5 and using nonlinear regression,
the two liquefied wood resins were calculated and summarized in Table 3.5. The average
overall order (m+n) of the cure reactions of LWR1 and LWR2 were 4.22 and 3.57,
respectively. Both rate constants k; and k, obey the Arrhenius form (Eq. 3). From linear
regression, the associated activation energies (E1 and E2) and the pre-exponential factors
were calculated and are listed in Table 3.6. The LWRI1 resin has a higher activation
energy for ki and a lower activation energy for k,. As shown in Eq. 5, the term kya™
represents the influence of the reaction products on the conversion rate and k; governs the
early stage autocatalytic reaction.**>** As shown in Table 3.1, LWR1 was believed to
have higher average molecular weight than LWR2. Due to the molecular mobility, the
reactions between functional groups on the molecules with low-molecular-weight occur
more readily than those of high-molecular-weight molecules. As a consequence, LWR1
had a higher initial activation energy than LWR2 (Table 3.6), but the LWR1 resin had a
lower activation energy for the subsequent reaction than LWR2. This might be due to a
higher wood residue percentage in LWR2 in which the incorporated lignin fragments

retarded further polymerization (or condensation) of the LWR2.

Thus, the kinetic equation for the liquefied wood resin LWRI is as follows:

C;_';‘ = [3.94 x10" exp(—@) +1278 exp(——45TZ3)al'02 }(1 —a)*® (8

73



And the kinetic equation for the LWR?2 is

Ci,—? = {1.73 x10" exp(—@) + 65190 exp(_i;z)ao.ss }(1 —a)*” (9)
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Figure 3.21. Comparison of the theoretical (lines) and experimental (symbols) conversion
rate versus conversion of LWR1 (a) and LWR2 (b). (figure continued)
Figure 3.21 shows the comparison between the experimental data with the

conversion rates obtained from the kinetic models (Eq. 8 and Eq. 9). It is clear that most

predicted values agree with the experimental data.

3.4 Conclusions
Different liquefaction conditions have significant effects on the properties of the

LWR. The average molecular weight of the LWR made from the liquefied wood reacted
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in the atmospheric three neck flask increased with the increasing P/W ratio. However, it
decreased with the increasing P/W ratio using the sealed Parr reactor. On average, the
LWR made from the liquefied wood reacted in the sealed reactor had lower molecular
weight that those from the atmospheric three neck flask.

The FT-IR spectra of the LWR are similar to that of the conventional novolac
resin but also displayed a major difference in the 1800-1600 cm™ region. The LWR from
the two different reactors gave different FT-IR absorbance, indicating different
liquefaction species occurring in the different reactor systems.

On average, the LWR made from the liquefied wood using the three neck flask
and under lower liquefaction temperature (150 °C) had lower To and Tp than those using

the Parr reactor and under higher temperature (180 °C). And the To and Tp of the LWR
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decreased as the phenol to wood (P/W) ratio increased. The cure kinetic results of two

typical LWR showed the activation energies of the LWR were similar to that of the LPF

resin but higher than typical phenolic resins. The isothermal DSC results revealed that

both LWR from the atmospheric three neck flask and the sealed Parr reactor followed an

autocatalytic cure mechanism. However, the LWR from the atmospheric system had a

higher E1 but lower E2 than that from the sealed system.
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CHAPTER 4

MECHANICAL AND PHYSICAL PROPERTIES OF BIO-
COMPOSITES USING NOVOLAC TYPE LIQUEFIED WOOD
RESIN

4.1 Introduction

The rapidly changing economic and environmental needs of society are placing
increasing pressure on the forest products industry to increase the conversion and
efficient use of wood resources. Competition in high volume markets has focused
attention on low priced materials that offer a more favorable strength to weight ratio.
Wood fiber composites have the lowest material cost compared to other polymeric
industries.' Liquefied wood can be developed to novolac type phenolic resin as discussed
in previous chapters. Several studies have made molded composites using liquefied
wood resin as the matrix resin. The effects of combined phenol and phenol to
formaldehyde ratio on the flexural properties of the composites have been investigated.* >
It was reported that the mechanical properties of the molding composites using novolac
type liquefied wood resin were much higher than those using the phenolated wood and
also somewhat superior to those using the conventional novolac resin.”

Oxalic acid was used as the catalyst in the liquefaction step of this study, which
resulted in a greater amount of wood residues in the liquefied wood mixture than if a
strong acid catalyst had been used. In addition, the liquefied residue contains more
cellulose than the original wood since the lignin has been partially removed during the
liquefaction reaction. Therefore, the liquefied wood residue was used as part of the filler
of the bio-composite in this study. Based on a preliminary study on composites from

liquefied wood resin,* a phenol to wood ratio of 2/1 was selected for the liquefaction
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stage to obtain composites with acceptable mechanical properties and favorable cost
factor. Thus, the objectives of this chapter were to 1) investigate the effects of selected
liquefaction variables (i.e., liquefaction temperature and reactor type) on the mechanical
and physical properties of the composites, and 2) investigate the effects of hot press

temperature and time on the mechanical and physical properties of the composites.

4.2 Experimental
4.2.1 Materials

The materials used in wood liquefaction and resin synthesis were the same as in
Chapters 2 and 3. Additional wood flour was used as the filler of the composites and was

the same as used for the wood liquefaction.

4.2.2 Preparation of liquefied wood and novolac type liquefied wood resin
The processes of wood liquefaction and resin synthesis were the same as

described in Chapter 2 and 3.

4.2.3 Preparation of bio-composite

The compositions of the bio-composites are listed in Table 1. The novolac type
liquefied wood resin was first mixed with hexamine, calcium hydroxide, and zinc
stearate. Sufficient acetone was then added to the mixture and stirred to thoroughly
dissolve the resin. Wood filler was then added to the acetone mixture to make a
homogeneous mixture. After thoroughly mixing, the acetone was removed from the

mixture under reduced-pressure at 50 °C. The mixture was then freeze-dried overnight to

81



remove water and any remaining acetone. The dried material was sieved again to pass
through a 20 mesh sieve and aggregated materials remaining on the 20 mesh sieve were
ground into powder. The resulting material was subjected to compression molding to
fabricate 5x5x1/8 in. panels using a 6x 6 in. single-opening laboratory hot-press. The
panels were first compressed under a selected temperature and time and then cooled
under the same pressure for 10 min. Three hot pressing temperatures (155, 175, and 195
°C) and two hot pressing times (2 and 4 min.) were used for the molding process. Two
panels were produced for each hot pressing temperature and time combination.

Table 4.1. Compositions of the composite.

Liquefied wood resin Hexamine  Calcium hydroxide Zinc stearate Wood filler

30.0% 8.0% 1.0% 1.0% 60.0%

4.2.4 Test of mechanical properties

Flexural and tensile test were performed on an Instron-4465 test machine in
accordance with ASTM D-1037-96 (6).” Each panel was cut to yield two static-bending
specimens (1/2x5 in.) and two dimensional stability test specimens (1/2x5 in.). The span
for flexural test was 4 in. and the crosshead speed was 0.107 in/min. according to the
standard.” Data for modulus of rupture (MOR) and modulus of elasticity (MOE) were
automatically collected and computed by the Instron Series IX Automated Materials

Tester program.

82



4.2.5 Test of dimensional stabilities
Two specimens from each composite were chosen for the 24 to 96 h soaking and
2 to 8 h boiling test. The thickness of the specimens before and after the tests was

measured. The percent of thickness swelling was calculated by equation 1:

7S (%) =%x100 (1)

0

TS is the percent of thickness swelling and 7) and 77 are the thickness of the specimen

before and after the test, respectively.

4.2.6 Statistic analysis
Analysis of variance (ANOVA) was used to analyze the effects of the variables
during the liquefaction stage and the compressing stage on the mechanical properties and

dimensional stabilities of the molded composites.

4.3 Results and Discussion
4.3.1 Effects of liquefaction temperature and reactor type

As discussed in Chapter 2 and 3, liquefaction temperature and reactor type caused
some variations between the liquefied wood and liquefied wood resins. Consequently,
the physical and mechanical properties of the composites using the liquefied wood resin

as a matrix resin also varied as shown in Table 4.2.
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Table 4.2. Flexural and tensile strength of the composites using different liquefied wood
resin.

Three neck flask Parr reactor

Flexural Tensile Flexural Tensile

MOR MOE MOR MOE MOR MOE MOR  MOE

(psi) (psi) (psi) (psi)

150°C 8,008 934,279 6,308 530,711 9,090 1,193,544 6,357 613,410
180 °C 10,305 1,252,251 7,369 645,472 8,890 1,131,397 6,203 625,624

Table 4.3. ANOVA results of the effects of reactor type and temperature during the
liquefaction process on the flexural properties of the panels.

Source df Type III SS Mean Square  F Value Pr>F
1. dependent variable: modulus of rupture (MOR)

M* 1 110556 110556 1.12 0.3109
T® 1 4395312 4395312 44.50 <.0001
M*T 1 6237506 6237506 63.15 <.0001
2. dependent variable: modulus of elasticity (MOE)

M* 1 19157466510 19157466510  25.68 0.0003
T 1 65446174800 65446174800 87.71 <.0001
M*T 1 144490834280 144490834280 193.65 <.0001
"Reactor type.

’Liquefaction temperature.

Table 4.3 shows the effects of two liquefaction factors on the flexural properties
of the composites. It can be seen that liquefaction temperature had a significant effect on
the modulus of rupture (MOR) of the composites. Both reactor type and liquefaction
temperature had significant effects on the modulus of elasticity (MOE) of the composites.
Furthermore, these two factors had significant interactions for both MOR and MOE as
shown in Figure 4.1. It is interesting to note that although the two types of reactors
showed opposite trends to each other for MOR or MOE, each individual reactor
displayed consistent trends for both MOR and MOE. In other words, the composites

made with the liquefied wood resin from the atmospheric three neck flask showed higher
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MOR and MOE at higher liquefaction temperatures. On the contrary, the composites
showed a slightly lower MOR and MOE with the liquefied wood resin from the sealed

Parr reactor at higher liquefaction temperatures.
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Figure 4.1. Interaction plot of reactor type and liquefaction temperature on flexural
properties of the panels.

Table 4.4. ANOVA results of the effects of reactor type and temperature during the
liquefaction process on the tensile properties of the panels.

Source df Type III SS Mean Square  F Value Pr>F
1. dependent variable: modulus of rupture (MOR)

Y 1 1244675 1244675 4.50 0.0553
T 1 821869 821869 2.97 0.1103
M*T 1 1476043 1476043 5.34 0.0394
2. dependent variable: modulus of elasticity (MOE)

Mm* 1 3950091075 3950091075 8.83 0.0117
T 1 16122968064 16122968064  36.03 <.0001
M*T 1 10516041030 10516041030  23.50 0.0004
*Reactor type

°Liquefaction temperature
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The effects of liquefaction factors on the tensile strength of the composites were
also analyzed by ANVOA and the results were summarized in Table 4.4. Reactor type
had a significant effect on the MOR of the composites while both factors had significant
effects on the MOE. Moreover, the interactions of these two factors were significant in
both MOR and MOE. Similar to the trends shown for the flexural strength as shown in
Figure 4.2, the composites with the liquefied wood resin from the atmospheric three neck
flask had increased MOR and MOE when the liquefaction temperature increased from
150 to 180 °C. However, the composites with the liquefied wood resin from the sealed
Parr reactor had slightly decreased MOR and slightly increased MOE with increasing

liquefaction temperature.
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Figure 4.2. Interaction plot of reactor type and liquefaction temperature on tensile
properties of the panels.
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Figure 4.3 illustrates the dimensional stabilities of the composites in (a) soaking
and (b) boiling tests. The composites with the liquefied wood resin from the sealed Parr
reactor yielded higher thickness swelling than those with the liquefied wood from the
three neck flask in both soaking and boiling test. On average, the composites with the
liquefied wood resin under higher liquefaction temperature had higher thickness swelling.
These results are understandable. Wood is a very hydrophilic material due to the large
amount of hydroxyl groups in the major wood components. It could be assumed that
liquefied wood resin would retain the hydrophilic characteristics of wood. Based on the
liquefaction results of Chapter 2, the liquefaction reaction conducted in the sealed Parr
reactor had a greater liquefaction level than that performed in the three neck flask.
Therefore, the composites with the liquefied wood resin containing more wood
components would be more easily accessible to water resulting in a higher thickness
swelling. Similar results have also been reported in the literature.® In addition to the
hydrophilic features of the matrix resin, the cross-link density within the matrix resin and
between the matrix resin and wood filler is also a critical factor for the dimensional
stability of the composites. As discussed in Chapter 3, the condensation reaction between
free phenol and formaldehyde could be the dominant reaction during the resin synthesis
process of the liquefied wood from the three neck flask. In the meantime, there would be
a large amount of wood components incorporated into the liquefied wood resin during the
resin synthesis process of the liquefied wood from the Parr reactor. Although the
resulting liquefied wood resin from these two systems had similar average molecular
weights at the same phenol to wood ratio, the liquefied wood resin with more wood

components would yield fewer cross-links during the resin cure process due to fewer
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reaction sites as compared with the liquefied wood resin with a lower wood component

content.
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Figure 4.3. Thickness swelling of the composites as a function of (a) soaking and (b)
boiling time.
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4.3.2 Effects of hot press temperature and time.
Hot press temperature and time are two factors highly related to the economic
cost of the panel products. Table 4.5 summarizes the flexural and tensile strength of the

composites fabricated under different temperatures and time.

Table 4.5. Flexural and tensile strength of composites under different hot press
temperature and time.

2 min. Hot Press Time 4 min. Hot Press Time
Flexural Tensile Flexural Tensile
MOR MOE MOR MOE MOR MOE MOR  MOE
(psi) (pst) (psi) (psi)

155°C 4596 676870 2769 326068 8488 1134845 4725 483873
175°C 8430 1111775 5273 482262 8512 1096622 5927 467720
195°C 8598 1091481 5707 484342 9356 1068845 5991 473841

Table 4.6. ANOVA results of the effects of hot press temperature and time on the flexural
properties of the panels.

Source df Type III SS Mean Square  F Value Pr>F
1. dependent variable: modulus of rupture (MOR)

Te* 2 26423444 13211722 44.72 <.0001
Ti° 1 14936540 14936540 39.55 <.0001
Te*Ti 2 16516622 8258311 24.72 <.0001
2. dependent variable: modulus of elasticity (MOE)

Te* 2 187465325483 93732662742  55.77 <.0001
Ti° 1 117704743453 117704743453 44.41 <.0001
Te*Ti 2 303261494936 151630747468 71.84 <.0001

*Temperature of hot press process.
°Time of hot press process.
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Table 4.7. ANOVA results of the effects of hot press temperature and time on the tensile
properties of the panels.

Source df Type III SS Mean Square  F Value Pr>F
1. dependent variable: modulus of rupture (MOR)

Te* 2 21100164 10550082 36.00 <.0001
Ti® 1 5582084 5582084 68.05 <.0001
Te*Ti 2 3083221 1541611 9.94 0.0012
2. dependent variable: modulus of elasticity (MOE)

Te* 2 27769937362 13884968681  11.57 0.0032
Ti® 1 11750327657 11750327657  13.67 0.0002
Te*Ti 2 38698139756 19349069878  19.04 <.0001

*Temperature of hot press process.
°Time of hot press process.

The ANOVA results show that both hot press temperature and time had
significant effects on the flexural and tensile strength of the composites (Table 4.6 and
4.7). Generally, the composites made under higher hot press temperatures and longer
press time yielded higher flexural and tensile strength. However, these properties
changed at different rates with different press times, as the hot press temperature changed
from 155 to 195 °C. As shown in Figure 4.4 and 4.5, both the flexural and tensile
strength of the composites with a press time of 2 min. increased dramatically when the
hot press temperature was increased from 155 to 175 °C. The slope of the curves then
decreased as the hot press temperature increased to 195 °C. When the press time
increased to 4 min., only a slight increase is observed in the tensile MOR of the
composites as the temperature changed for 155 to 175 °C. All other values did not
change markedly upon changes in hot press temperature. This result infers that a certain
amount energy is needed to cure the matrix resin. When the hot press temperature is not

high enough to give the needed energy, a prolonged press time will be necessary.
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Figure 4.4. Interaction plot of hot press temperature and time on flexural properties of the
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The results of the soaking and boiling tests of the composites under different hot
press temperaturse and time are shown in Figure 4.6 and 4.7. No test specimen from the
composite made with 155 °C and 2 min. could withstand for the entire soaking and
boiling tests. Moreover, the composites compressed for 4 min. at 155 °C had much
higher thickness swelling than any other composites in both soaking and boiling tests.
Therefore, it can be concluded that the matrix resin did not cure well at the hot press
temperature of 155 °C even with prolonged press time. It is also worthwhile to note that
the order of the thickness swelling decreased as 155 °C, 4 min. >175 °C, 2 min. >195 °C,
2 min. >175 °C, 4 min >195 °C, 4 min. in the boiling test, indicating that the temperature

takes precedence over time during the molding process.
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Figure 4.6. Thickness swelling of the composites as a function of (a) soaking and (b)
boiling time. (figure continued)
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4.4 Conclusions

Bio-composites were fabricated from wood flour and novolac type liquefied wood
resins. The effects of liquefaction temperature, reactor type, hot press temperature, and
press time on the mechanical and physical properties of the composites were investigated.
The composites with the liquefied wood resin from the atmospheric three neck flask
showed increased flexural and tensile strength when liquefaction temperature increased
from 150 to 180 °C. The composites with the liquefied wood resin from the sealed Parr
reactor yielded higher thickness swelling than those with the liquefied wood resin from
the three neck flask likely due to the hydrophilic wood components incorporated in it and

the lower cross-link density than the liquefied wood resin from the three neck flask

during the resin cure process.
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Both hot press temperature and press time had significant effects on the
mechanical and physical properties of the composites. The flexural and tensile strength
of the composites with a press time of 2 min. increased dramatically when the hot press
temperature increased from 155 to 175 °C. But the rate of increase decreased as the
temperature changed from 175 to 195 °C and with the press time of 4 min. The results of
dimensional stability tests implied that the matrix resin didn’t cure well at the hot press
temperature 155 °C. Hot press temperature takes precedence over time during the mat

consolidation process.
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CONCLUSIONS

Wood liquefaction is a thermochemical conversion technique that partially or
completely dissolves wood with a reagent solvent at a temperature of 120 to 250 °C with
or without an acid catalyst. Most previous studies on wood liquefaction have focused on
completely converting wood into a liquid via a strong acid catalyst or high reagent
solvent to wood ratios, which has resulted in a liquefaction process that is not
economically favorable because special production equipment are required due to the
high corrosiveness of the strong acids. Therefore, in my research on wood liquefaction I
have focused on a process with a weak acid catalyst system to develop a bio-composite
product from liquefied wood resin and liquefied wood residue with improved economic
feasibility.

One significant difference of a weak-acid-catalyzed system in comparison to a
strong acid system is the high wood residue content due to the strong network of
cellulose, hemicellulose, and lignin in wood. A comprehensive study on liquefied wood
residue was conducted in this work. It was found that most lignin can be removed from
wood at a phenol to wood ratio of 3/1. At this ratio most of the carbohydrates in the
wood were resistant to phenol liquefaction and remained in the liquefied wood residue,
which resulted in a higher crystallinity index of the liquefied wood residue than the
original wood. The Fourier transform infrared spectroscopy (FT-IR) absorbance of the
carbonyl groups in hemicellulose disappeared in the spectra of the liquefied wood residue
from the metal Parr reactor. A series of comparative studies were conducted to

differentiate the effects of the pressure during the liquefaction and the metal elements
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from the Parr reactor. The FT-IR results indicated a possible catalytic effect of Fe**
and/or Fe*" on the liquefaction of carbohydrates in wood.

Liquefied wood resins (LWR) were synthesized from liquefied wood and
formaldehyde. It was found that the liquefied wood from a greater liquefaction extent
system yielded a lower average molecular weight likely due to less reaction sites on the
liquefied wood and the steric hindrance during the polymerization reaction. The FT-IR
spectra of the LWR revealed the incorporation of wood components into the novolac type
resins. Moreover, the FT-IR results of the LWR also confirmed the broken carbonyl
groups in hemicellulose from the sealed Parr reactor system. The cure kinetic study of
two typical LWR showed that the activation energies of LWR were higher than
conventional phenolic resins and close to that of a lignin-phenol-formaldehyde resin
reported in another study. It was found that LWR followed an autocatalytic cure
mechanism. Two kinetic models were proposed for LWR based on the isothermal DSC
methods.

Bio-composites were fabricated from wood flour and novolac type LWR. The
flexural strengths of the composites were comparable to that of similar products reported
in other studies, indicating that the liquefied wood resin and liquefied wood residue from
a weak acid catalyzed liquefaction could be successfully applied to molded composite
products as a substitute for conventional novolac resin. However, future research is
needed to improve the dimensional stabilities of the composite products with the LWR

which have a higher wood components percentage.
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