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ABSTRACT
In this dissertation, the utilization of lignin-rich residue from the solid waste stream
of bio-ethanol (fermentable sugar) production was investigated for wood adhesive
applications. The novelty of this value-adding conversion lies in the adoption of
three key strategies: 1) utilizing the lignin-rich by-product without additional
purification or modification steps, 2) reducing the particle size of the residue to
compensate for the intrinsic low reactivity of lignin, and 3) using a bio-based
crosslinker, citric acid (without catalyst), to induce crosslinking via esterification
reactions. The overall objective of this study was to examine the processing
factors, bond strength evolution, mechanisms, and performance durability of the
bonding.
Results show that higher saccharification levels (percent of glucan removal) are
favorable for achieving a higher wood bond strength. This validates a coproduction opportunity in which the fermentable sugar production itself serves as
an “activation” step to prepare its solid residue for adhesive applications. The
saccharification residue exhibited stronger bonding to wood if they were ground to
a smaller size (increased reactive surfaces), attaining a lap shear strength of up to
6.25 MPa, which is 80% of the wood bond strength of phenol formaldehyde (PF),
an industrial wood adhesive from petrochemical sources. The application of citric
acid further enhanced the dry and wet bonding properties of the saccharification
residue.
The bond strength evolution in citric acid curing correlates to the formation of ester
linkages as confirmed by FTIR. Curing longer than the optimum five minutes
iii

decomposed the esters formed, based on FTIR and thermogravimetric studies. At
the same time, lignin condensation occurred, as revealed by solid-state 13C-NMR,
possibly compensating for the loss in ester linkages as judged from the unaltered
wet bond strength when compared to the optimum 5-min curing.
Conductometric titration revealed that two-third of the carboxylic groups of the citric
acid (trifunctional) participated in ester formation, supporting the mechanism that
the reactions occur via cyclic anhydride intermediates. This mechanism, which
suggests that bifunctional carboxylic acids could not participate in crosslinking,
was also verified by the use of adipic acid in lieu of citric acid; the former did not
markedly improve either the dry or wet bond strength of the saccharification
residue. This finding also confirms that citric acid functions as a crosslinker for the
residue in wood bonding.
Overall, this fully bio-based, formaldehyde-free, and competitive adhesive coproduct would add values to bioconversion wastes and increase the economic
viability of the cellulosic biofuel production.
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CHAPTER ONE
INTRODUCTION
To reduce the reliance on fossil fuels and decrease the pollution and other
environmental impacts associated with them, alternative sources of energies have
been long sought. There is a growth in the utilization of renewable energy with an
average of 5% per year between 2001-2014 (U.S. EIA. 2015a). Biomass, the
biological material derived from living organisms, have long been utilized as an
alternative source of energy especially in the transportation sector. Biomass is a
low cost, widely available renewable material (Galik et al. 2009). An increased use
of biomass for the production of biofuels from 253 trillion Btu in 2001 to 2068 trillion
Btu in 2014 was also reported (U.S. EIA. 2015a)
Biomass can be converted to biofuel through different routes. The most common
pathways are thermochemical and biochemical methods. The thermochemical
conversion of biomass has been investigated for a long time (Hafez and Hassan
2015; Tanger et al. 2013), however, with the advances in biotechnology and
genetic engineering of microorganisms, biochemical methods have been
extensively investigated due to its high selectivity and higher sugar yield (Yang et
al. 2011). In thermochemical conversion, elevated temperature is applied in the
presence or absence of oxygen. The biochemical conversion of biomass, on the
other hand, requires three stages. The first stage is the pretreatment of biomass
followed by the enzymatic hydrolysis of the carbohydrate portion, and finally the
fermentation of the hydrolyzed sugars to bio-alcohol (Brethauer and Studer 2015)
1

Corn is the most used crop in the production of bioethanol estimated at 5 billion
bushels that produced 14.3 billion gallons of ethanol in 2014 (U.S. EIA. 2015b).
The increased production of corn-based bioethanol is accompanied with issues
related to food prices and food availability. The Agricultural Marketing Resource
Center (AgMRC) reported in 2016 that 90% of corn were used in food and livestock
supplies in 2000. This number decreased significantly to 60% in 2013 and the
amount is expected to further decrease. These warning signs demand the use of
alternative non-food biomass. Lignocellulosic biomass is a promising alternative to
starch-based crops for biofuels, and the cellulosic ethanol is a potential substituent
for petroleum-based fuels. However, lignin in the biomass acts as a recalcitrant
barrier for enzymatic hydrolysis of the cellulose portion; this renders
saccharification, the process of liberating fermentable sugars, challenging
(Soudham 2015).
Due to recalcitrance of lignocellulosic biomass in biochemical conversion for
biofuels, it is essential to do pretreatment steps to facilitate the subsequent
enzymatic hydrolysis (Mood et al. 2013). In contrast to thermochemical methods,
the enzymatic conversion of lignocellulosic biomass to bioethanol creates a large
quantity of non-hydrolyzable residues (Ragauskas et al. 2014). This solid residue
is rich in lignin and it also might contain unconverted cellulose and/or residual
enzymes. Therefore, as the production of cellulose-based ethanol continues to
grow (Yager et al. 2011), there is an increase in the lignin rich solid residue every
year, and this amount is estimated to be 62 million tons from a projected annual
conversion of 223 million tons of biomass by 2022 (Ragauskas et al. 2014). This

2

solid residue is often used (burnt) to generate power; further utilization for highvalue products is restricted by its purity and the lack of efficient conversion
methods (Yager et al. 2011). Therefore, most of the progress made so far tend to
focus on utilizing this by-product after one or several purification steps in adhesive
or thermoplastic applications (Vishtal and Kraslawski 2011).
Lignin has been utilized for adhesive applications due to its phenolic nature, which
allows substitution for phenol in the phenol-formaldehyde resin (Klašnja and
Kopitović 1992). Due to the health concerns of using phenol formaldehyde
adhesive, attempts have been made to seek environmentally clean and cheap
alternatives to formaldehyde-based adhesives (El Mansouri et al. 2007). It was
found that technical lignin, lignin from the waste stream of pulp mills or cellulosicbased bioethanol production, is less reactive; therefore, many efforts have been
centered on the modification of lignin in order to increase its reactivity. In most
cases, pre-purification of lignin is also required. The application of crosslinking
agents to crosslink lignin has been extensively studied. However, trials are now
centered on finding alternatives to synthetic crosslinking agents (Hu et al. 2011).
In this dissertation study, solid residues from the enzymatic saccharification
process of cellulosic ethanol production were converted into a thermosetting
adhesive for wood. The utilization approach did not involve lignin pre-purification
and modification steps. The bonding capability of the adhesive was further
enhanced using a bio-based crosslinker. The fully bio-based adhesive produced is
formaldehyde free. This work is expected to increase values of saccharification
residues, thereby improving the economic viability of the cellulosic biofuels
3

production to decrease dependence on corn-based ethanol. It would also partially
substitute phenol-formaldehyde adhesive which is made of petroleum-based
chemicals. This will represent a near-term solution for the massive quantities of
residual lignin from cellulosic ethanol production as, in the future, more high-value
products are expected to be developed.
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CHAPTER TWO
LITERATURE REVIEW
Chemical composition of lignocellulosic biomass
Lignocellulosics are the type of raw materials that contain lignin and cellulose
which, combined, form the most two abundant renewable materials on earth. In
addition to lignin and cellulose, hemicelluloses (another group of polysaccharides)
are also present (Rowell 2013).
Cellulose is a linear homopolymer that consists of D-glucopyranose units linked
together through β-D-(1→4) glycosidic bonds which can be hydrolyzed by cellulase
enzymes. Cellulase enzymes are a group of enzymes that work synergistically to
break down the cellulose structure into monosaccharides. Each cellulose chain
contains one reducing group at one end that is often attacked by the exoglucanase
enzyme during the enzymatic hydrolysis of cellulose (Ghose and Bisaria 1979;
Sjostrom 1981; Sun and Cheng 2002).
Cellulose chains possess a network of intermolecular and intramolecular hydrogen
bonds that renders it resistant to dissolution in most of the solvents (Heitner et al.
2010). The rotation of every other glucose unit along the chain contributes to the
strength of cellulose. Along the cellulose chain, there are crystalline and noncrystalline (amorphous) regions. The non-crystalline regions are more accessible
to solvents and microorganisms. Crystalline regions, where the cellulose fibrils are
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closely packed, make up to 65 wt.% in cellulose extracted from wood (Klemm et
al. 2004).
Hemicelluloses are short branched heteropolysaccharides that are found in the
matrix between the cellulose fibrils in the cell wall of lignocellulosic materials. The
type and frequency of each sugar monomer of hemicelluloses depend on the
source of biomass. In softwood, galactoglucomannan is the predominant type of
hemicellulose (~20%). However, in hardwoods, most of the hemicelluloses
consists of xylan (10-15%). Hemicelluloses are easily hydrolyzed by chemicals and
enzymes to their simple constituents (Rowell 2013).
Lignin, the third main component, is a complex three-dimensional polymer that
consists of phenolic propane units held together by C-C and C-O-C linkages. In
wood, lignin makes up 15-25% of the dry weight matter. Lignin serves as a binder
of plant fibers and it protects the microfibrils of cellulose from the enzymatic
hydrolysis. Lignin by nature is less reactive and recalcitrant to enzymatic attack
(Lan et al. 2013). Thus, loosening the lignin structure before the enzymatic
hydrolysis of lignocellulosics is a key step. The biosynthesis of lignin proceeds
through an enzymatic shikimic pathway to form the three main lignin precursors or
monolignols: trans P-coumaryl alcohol, trans-coniferyl alcohol and trans-sinapyl
alcohol, which correspond to p-hydroxyphenyl, guaiacyl and syringyl, respectively
(Figure 2.1).
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Figure 2.1: Major lignin precursors (Reproduced from Munk et al. 2014 with
permission).

Subsequently, these monolignols form phenoxy radicals via enzymatic
dehydrogenation. The radicals undergo oxidative couplings ending up with the
three-dimensional network of lignin. Phenolic units are linked together through a
number of linkages that vary in their frequencies (Hong et al. 2014; Rowell 2013)
(Table 2.1).
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Table 2.1. Type and frequency of bonds in lignin structure (Strassberger et al.
2014)
Linkage

Dimer structure name

Distribution percentage

β-O-4

Phenylpropane β-aryl ether

45-50

5-5

Biphenyl and dibenzodioxocin

18-25

β-5

Phenylcoumaran

9-12

α-O-4

Phenylpropane α-aryl ether

6-8

β-1

1,2-Diaryl propane

7-10

4-O-5

Diaryl ether

4-8

β-β

β-β structures

0-3

Lignin also contains methoxyl groups substituted on the aromatic ring which play
a major role in the reactivity of lignin. The abundance of the methoxyl groups varies
depending on the lignin source - whether it is from softwoods (~92-96 per 100
phenolic propane unit) (Table 2.2) or hardwoods (~150 per 100 phenolic propane
unit). Furthermore, the understanding of the nature of hydroxyl groups in the lignin
structure is essential in developing the material for industrial applications (Adler
1977; Rowell 2013). The hydroxyl groups in lignin are often involved in the linkages
between the surrounding phenolic propane units. The number of aromatic hydroxyl
groups is less in hardwoods than softwoods. This is basically because a higher
portion of methoxyl groups is found in hardwoods than softwoods (Lai and Guo
1991; Sadeghifar et al. 2012). Therefore, in chemically reacting lignin for industrial
products, it is typical to first either remove methoxyl groups or introduce reactive
groups (Hu et al. 2011).
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Table 2.2: Functional groups in softwood lignin per 100 phenyl propane unit (Adler
1977; Sjostrom 1981; Strassberger et al. 2014).
Functional group

Abundance per 100 C9 units

Carbonyl

10-15

Benzyl alcohol

15-20

Free phenolic hydroxyl

15-30

Methoxyl

92-96

Despite the complex nature of lignin, there are microorganisms that can be
effective in degrading lignin. White rot fungi, e.g. Phanerochaete chrysosporium,
excrete extracellular ligninolytic enzymes that degrade lignin. Brown rot fungi can
partially degrade lignin. These enzymes, when work synergistically, can maximize
the degradation of lignin. As a result, enzymes have been used in the biological
pretreatment of biomass to remove barriers for subsequent hydrolysis of cellulose
(Abdel-Hamid et al. 2013).
In the pursuit of more insights in industrial applications of lignocellulosics, the
understanding of lignin-carbohydrate complex is essential as the two constituents
are closely bonded together. The complete elucidation of the nature of bonding
between lignin and carbohydrates has always been challenging. However, with
advances in analytical and spectroscopic techniques, a progress in understanding
of the type and frequency of lignin/carbohydrate bonds has been made. It was
found that ester, phenyl glycoside and benzyl ether bonds are the main types of
bonds in the lignin-carbohydrate complex. In contrast to ester and benzyl ether
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bonds, phenyl glycoside bonds are resistant to attack in mild acid conditions
(Jeffries 1990; Lawoko et al. 2009; Yuan et al. 2011). As the chemical structure of
lignocellulosics is increasingly understood, the utilization of lignocellulosic biomass
for the production of bioethanol has also significantly increased in the last decades,
and the production increase is predicted to continue (Limayem and Ricke 2012).
Production of biofuels
There is an undeniable desire to seek alternative sources of energy to reduce the
dependence on petroleum-based fuels. Globally, the transportation sector
contributes by about 70% and 19% of the carbon monoxide and carbon dioxide
emissions, respectively (Balat 2011). Therefore, the utilization of renewable
resources as a clean alternative source to petroleum-based fuels has long been
investigated for its availability and its environmentally benign nature (McKendry
2002; Smith 2009).

In the United States in 2014, petroleum-based fuels account for 92% of the total
energy used whereas biofuels from biomass account for 5% of the total energy
used. The U.S. government mandates the utilization of biofuels and it targets a
total of 79 billion liters of biofuel by 2022 (USDA). As a result of the progress in the
biofuel sector, there are currently mixtures of bioethanol and gasoline varying from
10% up to 85% ethanol to reduce carbon monoxide and other harmful gases.
Biomass can be converted to biofuel through different routes. The most commonly
used pathways for converting biomass are the thermochemical and biochemical
methods. In thermochemical methods, high temperatures (300 oC-1000 oC) are
10

generally used in the presence of catalysts to convert the biomass into crude oil
which is then upgraded to fuel (Hafez and Hassan 2015; Kumar et al. 2009).
Depending on the presence of oxygen, the thermochemical conversion can be
distinguished into pyrolysis and gasification processes (Panwar et al. 2012). In
pyrolysis, biomass is heated to elevated temperatures at a high heating rate in the
absence of oxygen. Gasification, on the other hand, uses a limited amount of
oxygen as opposed to the pyrolysis. Although thermochemical methods can be
applied to a wide span of biomass feedstock, drawbacks such as high cost are
present (NREL 2006; Tanger et al. 2013).
Milder conditions could be applied when biochemical means are adopted. In the
biochemical means, the carbohydrate portion is hydrolyzed by hydrolytic enzymes
into simple sugars which are subsequently converted into bioethanol (Soudham
2015). Despite the relatively high cost of the enzyme, the resulted increase in
sugar yield could compensate for the cost.
Corn is the most used starch-based crop in the production of bioethanol, estimated
by 5 billion bushels which produced 14.3 billion gallons of ethanol in 2014 (U.S.
EIA. 2015b). Generally, starch-based crops are more easily hydrolyzed by
enzymes than cellulose-based crops. Similar to cellulose, starch composes of
glucose units bonded together through glycosidic bonds. However, the type of
glycosidic bond in starch is α 1→4, whereas in cellulose bonds are β 1→4, where
the difference between α and β depends on the stereochemistry of the anomeric
position. Starch is mainly composed of amylose and amylopectin and their
abundance depends on the source of biomass (Reczey and Hollo 1986;
11

Vengadaramana 2013). The increased production of corn-based biofuel negatively
impacted the food prices as they dramatically increased in the last few decades.
As the demand for more biomass feedstock is increasing (Figure 2.2),
lignocellulosic biomass could be a promising alternative to starch-based crops for
producing bioenergy that partially displace fuels from petroleum sources
(Ragauskas et al. 2014).

Figure 2.2: Production of biofuel (Reproduced from Sannigrahi et al. 2010 with
permission).

Enzymatic hydrolysis of cellulosic biomass

In the production of bioethanol from lignocellulosic by biochemical means, a
pretreatment step is essential to break down the structure of lignin and
12

hemicelluloses to facilitate the subsequent enzymatic hydrolysis of cellulose. The
pretreatment also loosens the structure of hydrogen bonds in the crystalline
cellulose regions to ease access of cellulose hydrolytic enzymes. Many
pretreatment methods are currently available. They can be divided into physical,
chemical and biological methods. It is worth mentioning that the pretreatment step
is a costly operation; it is therefore necessary to know the characteristics of the
available methods to choose an efficient and economic option. Table 2.3
summarizes the advantages and drawbacks of the common pretreatment methods
and their effects on lignin, hemicelluloses, and cellulose (Mood et al. 2013).
Table 2.3: Different pretreatment methods and their effects and the main
constituents (Reproduced from Mood et al. 2013 with permission)

++: high effect; +: moderate effect; +/–: low effect

Subsequent to the pretreatment step in biochemical conversion is the enzymatic
saccharification. Saccharification is the process of releasing, from biomass, simple
sugars that can be fermented or valorized to chemicals. Cellulose can be
13

hydrolyzed by cellulase enzymes to fermentable sugars in several steps. Cellulase
enzyme (EC 3.2.1.4.) consists of different types of enzymes that act together and
they differ in the sites that they attack on the cellulose chain. Endoglucanase favors
the amorphous regions in the cellulose chains and attacks the glycosidic bonds
between the glucopyranose units. Subsequently, cellobiohydrolase and βglucosidase work on the broken chains until the complete hydrolysis into
monosaccharides. Due to advances in biochemistry and genetic engineering, a
wide range of thermostable enzymes are now commercially available (Ghose and
Bisaria 1979; Wood et al. 1989; Zhang and Zhang 2013)
Enzymatic hydrolysis residue
In cellulosic-based bioethanol production, lignin is either removed before the
conversion or more commonly, left as residue at the end of the process. Therefore,
lignin is the major by-product by weight in the cellulosic ethanol industry.
Approximately 6 lbs. of lignin-rich residue are produced for every gallon of
cellulose-based bioethanol. This amount is estimated to be 62 million tons of
residue from 223 million tons of biomass converted annually by 2022 with the
predicted expansion in the production of cellulosic ethanol (Ragauskas et al.
2014). This amount of lignin pending utilization is in addition to the over 50 million
tons of lignin wastes that are produced annually from the pulp and paper industry.
However, the majority of the residual lignin is burnt for power generation (Saito et
al. 2012).
The amount of lignin present in the enzymatic saccharification residue, including
Klason lignin and acid soluble lignin, was reported as 53-80% of the dry weight of
14

the residue (Yager et al. 2011). The lignin content in the residue also varies
depending on the type of biomass used. It was found that the amount of Klason
lignin present in woody biomass saccharification residue is greater than that in
residue from grass feedstock. In addition, the residue will also include unconverted
cellulose and unrecovered enzymes (Mood et al. 2013).
Since most of the commercially available biorefineries adopt the technique of
performing the hydrolysis and fermentation steps in the same time, the lignin
residue contains in it embedded components that are unhydrolyzed (Zhu 2009).
As a result, in order to utilize the residual lignin for high-value applications,
prepurification steps are required. Although the utilization of residual lignin without
prepurification is less often investigated, Björklund et al., (2002) et al proposed a
method of using the unrefined lignin-rich residue as a detoxification agent to treat
the hydrolysate before fermentation. This resulted in a higher production of alcohol.
Herrera et al. (2010) developed a method to extract the unconverted crystalline
cellulose from the lignin residue. This method, however, required three purification
steps: dewaxing, bleaching and cleaning, it also required additional separation
steps to separate the cellulose nanocrystals. Although the study demonstrated the
potential use of the unconverted crystalline cellulose portion, the utilization of the
lignin-rich solid residue was not discussed.
Utilization of lignin by-products

Many attempts have been made to add values to the residual lignin, other than
burning for power generation. One such attempt was to use residual lignin as
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precursors for the production of carbon fibers (Ragauskas et al. 2014), which are
widely used in various engineering applications. Carbon fibers are made of carbon
atoms connected together. Commercially, they are produced from polyacrylonitrile,
a semicrystalline synthetic polymer (Park 2015) via an expensive pathway. The
overall cost for producing carbon fibers can be lowered using lignin as the
feedstock, although a number of steps are involved (Ragauskas et al. 2014).
Current research endeavors for lignin-based carbon fibers targets the
enhancement of their mechanical properties (Chatterjee et al. 2014; Kadla et al.
2002)
Lignin is a brittle complex material which renders it challenging to be used in highvalued material applications (Saito et al. 2012). Despite this rigid nature, lignin was
found to be a promising material for applications in engineered thermoplastics
especially after modifications. Glasser and Sarkanen are among the preeminent in
the field of lignin reactions. Their research on lignin reactions and biosynthesis
significantly contributed to the understanding of lignin nature and its potential
advantage in applications as a component for thermoplastics (Glasser et al. 1984).
One of Glasser’s earliest investigations in utilizing lignin for engineered plastics
was the modification of low density polyurethane foams using furan polyol that
contains up to 20% hydroxypropyl lignin. The modified polyurethane exhibited
improved stability and fire resistance.
In an effort to improve the utilization of lignin, Sakata examined the potential of
using plasticizers to plasticize lignin derivatives (Sakata and Senju 1975). This
study proved the capability of plasticizers to reduce the glass transition of lignin
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derivatives. The results were discussed only through the solubility parameter
concept. It was concluded that high plasticizing effect was obtained if the solubility
parameter of lignin and the plasticizer were as close as possible. Prior to
investigating the utilization of synthetic plasticizers, plasticization with water was
investigated. However, mechanical and stability limitations expanded the
subsequent research scopes. The applications of using lignin with plasticizers has
continued to progress.
In the late 90s, Sarkanen et al successfully formulated the first 85% lignin-based
thermoplastics (Li et al. 1997). Previous research showed the difficulties in
incorporating a high amount of lignin and lignin derivatives as it led to the
embrittlement of the final product. The novelty of this published research was the
ability to introduce up to 85% of underivatized industrial Kraft lignin with polyvinyl
acetate and plasticizers without affecting the mechanical properties of the product.
From a fundamental aspect, the glass transition temperature of the thermoplastic
product was lowered to room temperature and the thermal processing by extrusion
molding was proven successful via melt flow index apparatus.
Converting residual lignin to chemicals is challenging because of the difficulty in
obtaining chemicals of high degree of purity. An alternative route is to produce a
mixture of chemicals which, in turn, can be upgraded within the petrochemical
plants (Talmadge et al. 2014; Vishtal and Kraslawski 2011), with additional cost
involved. Using this strategy, a mixture of adipic acid and vanillin were produced
from lignin through oxidation in batch reactors (Ragauskas et al. 2014).
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Phenol-formaldehyde adhesive for wood bonding

Phenol-formaldehyde adhesives have been the target substituent when
considering value adding of lignin residue. Phenol formaldehyde is a widely
consumed petroleum-based wood adhesive. It is a cheap and waterproof
thermosetting adhesive that exhibits high bonding strength even when exposed to
severe environmental conditions. In the context of lignin utilization, phenol
formaldehyde (PF) resin is often blended with modified lignin for partial substitution
of its phenol or used as a reference point for evaluating the lignin-based adhesive
(Atta-Obeng 2011; Zhang et al. 2013a). Therefore, a brief background of phenol
formaldehyde (PF) will be first discussed before discussing lignin-based
adhesives.
Phenol formaldehyde is synthesized by the reaction of phenol with formaldehyde
via a step growth polymerization process in acidic or base conditions (Figure 2.3).
Based on the amount of formaldehyde present in the formulation and the pH of the
media, two types of phenol formaldehyde adhesive can be produced, novolac and
resoles (Frihart 2013). The phenolic units present in the structure of phenol
formaldehyde are connected together through methylene or methylene ether
bridges (Poljanšek and Krajnc 2005).
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Figure 2.3: Formation of phenol formaldehyde crosslinked polymer (Reproduced
from Frihart 2013 with permission).
Lignin in adhesive applications
The utilization of lignin in adhesive applications has long attracted a tremendous
attention. As a natural binder for fibers in vascular plants, and due to the similarity
in structure with commercial phenol formaldehyde adhesive, many research have
been focused on using lignin for adhesive applications.
Utilization of unmodified lignin directly as a substitute of phenol in PF adhesive is
not attractive in the industry. This is due to the low reactivity which results in longer
curing time and higher curing temperature (Hu et al. 2011). It was found that the
substitution of phenol in phenol formaldehyde with unmodified Kraft lignin resulted
in poor mechanical and physical properties (Kouisni et al. 2011).
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The reactivity of lignin is restricted by the type of functional groups available on the
aromatic ring and the amount of free hydroxyl groups. Therefore, lignin for
adhesive applications typically needs to be chemically modified to either induce
new functional groups or convert an existing group to a reactive site.
Methylolation is one of the most common methods used to chemically modify lignin
and to enhance the reactivity of lignin. Methylolated lignin is obtained by the
reaction of lignin with formaldehyde in alkaline medium. The reactivity of lignin was
improved through the introduction of hydroxymethyl group (-CH2OH) that consists
of methylene bridges in the reactive sites of lignin. With such modification, up to
50% of phenol in the PF resin can be replaced by lignin (Hu et al. 2011; Pizzi and
Mittal 2003), without affecting the bond strength. When substituting more than
50%, the strength of the bonded substrate will reduce.
The modification of lignin via methylolation has significantly expanded the
utilization of lignin in adhesive applications. However, the modification process is
not without challenges. The modification is restricted by the additional preparation
steps. Also, the modified lignin for adhesive applications required longer curing
time and higher temperature (Mansouri et al. 2007; Pfungen 2015). Moreover,
undesirable side reactions such as Cannizzaro and the Tollens reactions are noted
to occur during methylolation. These reactions are sensitive to the ratio between
NaOH and lignin and to the pH of the medium (Figure 2.4) (Malutan et al. 2008).
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Figure 2.4: Methylolation of phenolic ring of lignin units (Reproduced from Malutan
et al. 2008 with permission).

The second most common method in the modification of lignin is phenolation. The
phenolation of lignin is performed by reacting lignin with phenol in acidic medium
which resulted in substitution of the aliphatic hydroxyl with phenol groups (Figure
2.5). Phenolation of lignin improves its reactivity for wood adhesive applications.
As an adhesive for particleboard making, phenolated lignin was found to perform
better than unmodified lignin at a common 50% substitution of phenol in the PF
resin. However, using 100% phenolated lignin (without PF) resulted in panels that
did not meet the international standards (Vázquez et al. 1995, 1997).
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Figure 2.5: Phenolation of lignin resulting in substitution of aliphatic hydroxyl
groups (Reproduced from Podschun et al. 2015 with permission).

In the pursuit of further solutions to replace formaldehyde in wood adhesives,
glyoxal was studied as an alternative aldehyde. Glyoxal, in contrast to
formaldehyde, is a non-toxic aldehyde, but also less reactive. The reaction of
glyoxal with methylolated lignin resulted in particleboard with internal bond of up
to 0.81 N/mm2 which met the international standards. As research progressed, the
idea of expanding the application of glyoxal from a substitution of formaldehyde to
a chemical agent used in methylolation, also called glyoxalation, was studied
(Mansouri et al. 2007). Bertaud et al., (2012) continued to use glyoxalated lignin

but replaced the phenol formaldehyde with tannins. Tannins, indeed, has long
been investigated for adhesive applications due to its promising adhesion ability
(Li et al. 2004; Pizzi 1982).
As opposed to the chemical modification, Aracri et al. (2014) proposed an
approach with which enzymes were used to formulate lignin-based adhesive for
wool floor coverings. Lignin was first activated using the laccase enzyme followed
by a phenolation step. The reaction of phenolic compounds with lignin was studied
by cyclic voltammetry analysis. The study emphasized the importance of
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introducing phenolic compounds to increase lignin reactivity which makes it
suitable for adhesive applications (Aracri et al. 2014).
The laccase treatment of lignin had been evaluated for applications in wood
bonding. Lignin was initially treated with laccase followed by the reduction with
sodium borohydride. The modified lignin was then used to formulate a lignin/soyprotein adhesive for wood. A maximum lap shear strength of 1.8 MPa was
obtained. This shear strength value was, however, half of that compared to the
commercial polyurethane adhesive. Also, after two cycles of 1-h boiling, the
formulated adhesive retained 70% of its initial strength (Ibrahim et al. 2013).
Although lignin residue from industries such as pulp and paper has long been
studied for wood adhesives (reviewed above), the adhesive applications of residue
from enzymatic hydrolysis is less discussed. Of the few studies, Zhang and coworkers (2013) used enzymatic hydrolysis residue as a substitute for phenol in
phenol formaldehyde adhesive. The adhesive was prepared by heating a mixture
of phenol formaldehyde and lignin-rich residue at 80 oC for 1 h. A maximum phenol
substitution of 50% was attained. The shear strength obtained ranged between 12 MPa (Zhang et al. 2013a; Zhang et al. 2013b), which is considered low compared
to the wood bond strength of commercial phenol formaldehyde adhesive.
Progress on the investigation of residual lignin utilization for adhesive applications
has also been made by analyzing the adaptability of different types (corn cob,
poplar wood, and wheat straw) of biorefinery technical lignin to react with phenol
formaldehyde; the reaction was proven favorable through

13C-NMR.

However, no

improvement on the lap shear strength was noted (Yang et al. 2015).
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To summarize on adhesive applications, although chemical modification enhanced
the reactivity of lignin, no more than 50%-60% phenol substitution was achieved.
Thus, the attempts of using a fully modified lignin as a wood adhesive were not
successful. When the modified lignin is mixed with phenol formaldehyde, usually
a higher curing temperature and longer curing time are needed.
Crosslinking agents
The lignin in the waste stream of paper mills or cellulosic ethanol biorefineries is
also termed technical lignin. Distinguished from phenol formaldehyde, technical
lignin is less reactive which requires a higher temperature and longer heating time
to crosslink (Hu et al. 2011). Generally, the crosslinking of lignin takes place either
by condensation or via radicals.
The utilization of crosslinking agents in the curing of thermosetting adhesive has
been extensively studied. With crosslinking agents, it is possible to achieve a
highly crosslinked lignin adhesive that does not contain formaldehyde. Geng and
Li (2006) blended Kraft lignin with polyethyleneimine (PEI) to prepare a
formaldehyde-free lignin-based adhesive. The optimum lignin/PEI ratio and
temperatures were 2:1 and 140 oC, respectively. However, a long curing time (9
min) was needed. The reaction between the amino group of the polymer and the
carbonyl group of lignin was proven by FTIR studies, and a maximum shear
strength of 6 MPa was obtained, which is better than that obtained from ligninphenol formaldehyde adhesive.
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One of the most applied crosslinking agents is hexamethylenetetramine, also
called hexamine, (HMTA), it has been used extensively with novolac type phenol
formaldehyde to introduce additional methylene linkages for inducing additional
crosslinking (Pérez et al. 2007).
Polycarboxylic acids are another group of chemicals that could induce crosslinking
in cellulosic materials. Zhou et al. (1995) made a significant contribution in
elucidating the crosslinking reaction mechanism of polycarboxylic acid with
cellulose. The study described the reaction as an esterification between the side
group of the carboxylic acid and the hydroxyl groups along the cellulose chain
followed by more crosslinking reactions between the two groups. This was proven
by two titration methods: acid-base and conductometric titration (Zhou et al. 1995).
Citric acid, a type of polycarboxylic acid, has been attempted for crosslinking plantbased materials. The study of Quellmalz and Mihranyan (2015) showed that citric
acid improved, through crosslinking, the wet strength Cladophora nanocellulose
paper used for size-exclusion nanofiltration applications. Another research group,
Umemura et al. (2012), employed citric acid to covalently crosslink the hydroxyl
groups of wood bark to improve the water resistance of the crosslinked material.
Such findings opened doors to the application of the citric acid crosslinker to other
bio-based materials.
Even though it is less discussed with lignin, similar benefits of citric acid
crosslinking as reviewed above could be anticipated. Since citric acid can be
derived from citrus fruits, its use in enzymatic hydrolysis residue would make it
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possible to produce a fully bio-based thermosetting adhesive. Thus, there is a need
to explore crosslinking of the lignin-rich residue with citric acid.
Mechanism of lignocellulosics esterification with polycarboxylic acids

The esterification mechanism of cellulosic materials with polycarboxylic acids
(PCA) has long been studied. Cyclic anhydride was identified as an intermediate
in the esterification reaction with PCA (Yang 1991; Yang and Wang 1996). Figure 2.6
shows the proposed crosslinking mechanism of cellulose with citric acid. Two
carboxylic groups of a PCA combine to form a cyclic anhydride intermediate. This
intermediate reacts with a hydroxyl group of cellulose to form an ester bond,
releasing one carboxylic group. The released carboxylic group reacts with the third
carboxylic group of the PCA molecule to form another cyclic anhydride, which in
turn form ester bonds with a hydroxyl group of another cellulose molecule. Thus,
crosslinking is made possible. This mechanism signifies the need for at least three
carboxyl functionalities in a PCA for effective crosslinking (Yang and Wang 1996)
of hydroxyl-containing materials.
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Figure 2.6: the proposed crosslinking mechanism of citric acid crosslinking of
cellulose (Repdroduced from Quellmalz and Mihranyan 2015 with permission).

Characterization of lignocellulosics esterification with polycarboxylic acids

A number of analytical techniques have been employed to analyze the outcome of
the crosslinking via esterification reactions. Spectroscopy, more specifically midinfra-red, has been used extensively to qualitatively and quantitatively examine the
extent of ester crosslinking. Zhou et al. (1995) quantified the relative amount of
esters in PCA-crosslinked cotton cellulose by using internal references to
normalize the carbonyl ester band. The reference band used should not be
affected by the reaction of interest. In lignocellulosic materials, the band at 1505
cm-1, which corresponds to the aromatic skeletal vibration of lignin, is often used
as the internal reference for quantification purposes (Lin and Dence 1992). Other
reference bands can be chosen according the structure of the studied material.
Yang (1991) showed that washing the sample with 0.1M NaOH prior to FTIR
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analysis is critical to distinguish among the intermolecular ester linkage,
carboxylate, and carboxyl carbonyl, whose characteristic bands would otherwise
interfere with one another. Few years later, Yang and Wang (1996) used FTIR to
identify the intermediate components including cyclic anhydride in the ester
crosslinking of cellulose.
In addition to using infra-red spectroscopy for relative quantification of esters, its
absolute amount can be quantified using conductometric titration. The advantage
of conductometric titration over FTIR is that it can directly measure the amount of
ester groups involved in the crosslinking (Zhou et al. 1995). The quantification must
be preceded by a protonation step to convert the ester groups (R-C-OOR’) into
their protonated acid forms (R-COOH) (Criado et al. 2016). The information
obtained from the conductometric titration becomes important in the kinetic studies
of esterification reactions. In a study conducted by Shen et al. (2015), data
obtained by conductometric titration and HPLC quantification were used to develop
a pseudo first-order reaction model for the crosslinking of starch using citric acid.
Thermogravimetric (TGA) analysis has been used to study esterified lignin.
Gordobil et al. (2016) used TGA to examine the thermal stability lignin-ester-based
thermoplastics esterified with long chain fatty acid and lauroyl chloride. The TGA
results revealed two degradation steps for the lignin esters at 200 oC and 350-400
oC.

The authors attributed the two steps to the cleavage of the C-O bond in the

ester and the loss of the introduced long aliphatic chain, respectively.
The analytical techniques reviewed above were used as the starting point to
analyze, for this study, the enzymatic saccharification residue crosslinked with
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citric acid. The sample preparation techniques and experimental protocols in the
cited literature were also adopted and modified when necessary to allow
examination of our samples.
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CHAPTER THREE
MATERIALS AND METHODS
MATERIALS
The starting material used in this study was Aspen wood powder (10-mesh pass;
2-mm opening). Citric acid (Figure 3.1) and hydrochloric acid were purchased from
Sigma Aldrich Co. (St. Louis, MO, USA). Sodium hydroxide was purchased from
Fisher Scientific and used without prior purification. The phenol-formaldehyde
(StructurFast(TM) OS-51TT) used was kindly supplied by Hexion Inc.

Figure 3.1: Chemical structure of citric acid.
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METHODS
Pretreatment and saccharification of fibers

Pretreatment was conducted in sodium hydroxide 10% w/v at 100 oC for 2 h and
at 1:6 wood to liquor ratio (w/v). For the acid pretreatment, dilute sulfuric acid
(0.5%) was used and the reaction was conducted for 30-min in a Parr digestion
bombs at the same wood to liquor ratio as the case of alkaline pretreatment.
Enzymatic hydrolysis was then conducted using Trichoderma reesei cellulases in
Celluclast 1.5 L and β-glucosidase of Aspergillus niger in Novozyme 188 at pH 4.8
and 50 oC in an incubator while stirring at 200 rpm. The saccharification level
discussed in this dissertation represents the percent of glucan removed based on
the pretreated sample. High-performance liquid chromatography (HPLC) was used
to separate and quantify the carbohydrate portion using a de-ashing guard column
(Bio-Rad, Hercules, CA, USA) and a 300×7.8 mm Metacarb 87P analytical column
(Varian, Les Ulis, France). Maximum saccharification refers to the saccharification
level (80% in this study) after which no further glucan removal was noted.
Grinding of saccharified residue

The samples in aqueous suspension were then milled to micron-sized fibers using
an ultra-fine friction grinding machine "Supermasscolloider" (Masuko Sangyo Co.,
Ltd, Japan). The grinding disks of the machine were brought into contact with each
other to provide the friction for grinding, which was performed at 1,500 rpm. The
friction was controlled by adjusting the contact between the two grinding disks. In
this study, the microfibers were obtained by adjusting the grinding disks at -125
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μm contact distance. This negative number indicates how close the grinding stones
were moved towards each other after the initial contact.
The grinding energy was calculated according to the following formula:

E (kwh / kg )  Current( A) Voltage(V ) 

Time(sec)
1

3,600
Mass(kg )

where E (kwh/kg) is the specific energy during grinding, A is the actual electrical
current read during grinding, V is the electrical voltage (208V in this case), Time
(sec) is the elapsed time at each run and Mass (kg) is the oven dry mass of the
material.
Adhesive preparation

Samples of the saccharification residue used in this study were all in aqueous
suspensions. For lap shear bonding without an additive, a dry mass of 11 mg
residue was used. The aqueous suspension (11 mg dry mass equivalent) was
brought to 30% (70% moisture) solid content by evaporating the excess water in
an oven at 55 oC. The 30% solid content was decided based on preliminary
experiments that indicated the optimum consistency for adhesive spreading. For
the case of crosslinking, the adhesive system was prepared by completely
dissolving citric acid in the aqueous suspension of the ground (milled) residue.
Similarly, the solid content was adjusted to 30% before use. The amount of
saccharification residue was maintained the same (11 mg dry mass equivalent) as
in the bonding without citric acid. This, however, resulted in a higher spread rate
(additive inclusive) for wood bonding involving the citric acid additive.
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The adhesive containing 11 mg saccharification residue (with or without citric acid
addition) was applied onto birch wood substrates with a lap joint area of 54.8 mm 2
(0.085 in2). The dimensions of wood substrates were 40 mm x 6.5 mm x 4 mm
dimensions (Figure 3.2). Some lap assembly samples were also prepared using
phenol-formaldehyde resin (50% solid content) as the adhesive (at the same dry
mass of 11 mg) for comparison purposes.
The lap joint assembly was then hot-pressed at 180 oC for a specified pressing
time (up to 15 min). Table 3.1 shows the composition of all the tested formulations
in this study. The moisture content was maintained the same in the tested
formulations. This was achieved by evaporating the excess moisture in the
adhesive mixture, as indicated in the earlier paragraph.
Table 3.1: Adhesive system composition (weight percent) and different dosages of
citric acid
Moisture

70%

70%

70%

70%

70%

70%

Residue

30%

27%

24%

20%

10%

0%

Citric acid

0%

3%

6%

10%

20%

30%
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8.5
6.5

33.5

Wood substrate
Wood substrate
6.5

33.5

Figure 3.2: Wood substrates dimensions used in the lap shear test (all units in
mm).

Laser diffraction

The pretreated samples were analyzed for particle size using Microtrac Bluewave
laser diffraction. The equipment determines particle sizes ranging from 0.1-2800
micrometers. To compensate for non-spherical materials (e.g. fibers), Microtrac
Bluewave is equipped with modified Mie calculations. The Mie theory describes
the scattering of electromagnetic wave by spherical particles.
Before testing, the equipment was rinsed four times to eliminate any residual
material. Samples in water suspension were slowly added until it was indicated
sufficient by the software (usually ~ 1-2 mL sample volume). The loaded sample
suspension was then circulated through the system, and then ultrasonicated via
an in-line ultrasonicator to avoid agglomerations before laser was emitted by the
optical cell to start the measurement. Once the lasers at three different
wavelengths hit the particles, the intensity and angle of the scattered light were
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detected. The particle size distribution was derived afterwards through an
algorithm. The size of the particle represented the diameter of a sphere having
the same volume as the particle.
Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy (Nicolet Series II Magna-IR System 750) at the attenuated total
reflectance (ATR) mode was used to determine the characteristic functional groups
in the adhesive samples. IR spectra were collected (32 scans) in the wavenumber
range of 4000 and 600 cm-1 at a resolution of 4 cm-1. Most of the FTIR spectra
displayed in the Results section were focused at a desired wavenumber range to
facilitate discussions. To avoid interference between the carboxylic carbonyl band
and ester carbonyl band, sodium hydroxide (0.1 N) was used to wash the sample
for removing any unreacted acid before conducting an FTIR scan. The baseline of
all spectra was corrected using OMNICTM software from Thermo Fisher Scientific
Inc.
Lap shear strength

Instron 5542 fitted with a load cell having a limit of 500 N was used for all lap shear
tests (ASTM D906-98). The shear strength was calculated as the maximum force
per unit area of 8-12 replicates. The initial span between the grips was one inch
and the rate of strain was 0.2 inch/min. Before testing, the bonded specimens were
conditioned at 50±2% relative humidity and 23±1 oC for two days. For wet shear
tests, the specimens were soaked in water (23 oC) for 24 h (or varied when testing
for soaking time effects).
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The lap shear strength of the wood joints was determined using the following
equation:

𝜏=

𝐹
𝐴

where 𝜏 is the shear stress, F is the force applied to break the lap joint in shear,
and A is the cross-sectional area of the glue line. Wood failure was determined
visually after the shear test.
Conductometric titration

Conductometric titration was used for the absolute quantification of ester bonds in
the crosslinked adhesive. The crosslinked adhesive was first washed with NaOH
to remove unreacted citric acid. The sample was then suspended in 0.001 M NaCl
solution followed by a protonation step with 3-4 drops of HCl to convert ester to
carboxylic groups. The suspension was titrated every minute with 0.1 N NaOH at
0.4 cm3 volume at a time, while measuring the conductivity during titration. Figure
3.3 shows a schematic diagram of the conductometric titration procedure.

36

Figure 3.3: Schematic diagram of the conductometric titration procedure.

The conductometric titration graph (Figure 3.4) shows two equivalence points (V 1
and V2). The volume (in mL) of NaOH falling in the middle between these two
points was used to calculate the amount of COOH in mmol/kg of sample, which
also indicates the amount of ester groups present in the sample.

[𝐶𝑂𝑂𝐻] =

(𝑉1 − 𝑉2 ) 𝑥 𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑁𝑎𝑂𝐻 𝑖𝑛 𝑚𝑜𝑙/𝐿
𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖𝑛 𝑘𝑔
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Figure 3.4: Typical graph of conductometric titration.

Thermogravimetric analysis

The thermogravimetric analysis (TGA) study was conducted using TG-500 (TA
instruments, Newcastle, DE). Approximately 20-40 mg were used for each run.
The temperature scan was run from room temperature to 800 oC at a heating rate
of 10 oC/min in nitrogen atmosphere. In the isotherm tests, the temperature was
ramped up from ambient temperature to the desired temperature at a rate of 80
oC/min.

All the data were analyzed using TA Universal Analysis software.

Solid-state CP/MAS 13C- NMR

Bruker 700-MHz was used to conduct the CP/MAS
13C).

13C

NMR studies (SSNMR-

Wet samples were freeze-dried and the fine particles were used for the

analysis. The crosslinked samples which agglomerated, were crushed to smaller
particle size after hot-pressing. The equipment was operated at 10 kHz spinning
speed and 1 millisecond contact time. The number of scans was 4096 for each
sample. The tests were conducted at room temperature, and the data were
analyzed using TopSpin 3.1 software.
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Terminology used in this dissertation in subsequent chapters

Residue

=

Solid

residue

of

enzymatic

saccharification

(also

termed

saccharification residue). If not specified, it refers to biomass that
were first alkaline pretreated and then saccharified (hydrolyzed)
with enzymes
Residue from acid pretreatment = Biomass that were first acid pretreated and then
enzymatically saccharified
Uncrosslinked residue = Residue hot-pressed in the absence of citric acid
Saccharification residue adhesive = Adhesive consists of saccharification residue
(and if during adhesive spreading) suspended in water
Adhesive system = Adhesive consists of saccharification residue and citric acid
crosslinker, and (if during adhesive spreading) water
Glueline = The adhesive (with or without crosslinker) in the lap joint area
Bondline = Glueline plus the bonded area of adherend (wood)
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CHAPTER FOUR
FACTORS INFLUENCING BOND FORMATION

BACKGROUND
There has always been a tremendous interest in the valorization of biomass
(Ragauskas et al. 2014). So far, profitable utilization of lignin is not extensive. Most
of the technical lignin is burnt by industrial plants for power generation (Saito et al.
2012). Therefore, ways to valorize lignin have been attempted. For instance, the
lignin by-product has been used in the production of materials such as carbon fiber
and thermoplastics. Furthermore, it has been utilized in the production of ligninderived aromatics such as benzene, toluene and xylene (BTX) (Olcese et al.
2013). It has also been attempted for adhesive applications since lignin is known
for its role as a natural binder for plant fibers (Mansouri et al. 2007). In spite of these
successful attempts, commercialization of these processes is not an easy task.
The difficulty of commercialization has been mainly attributed to challenges in the
recovery of lignin from the waste stream and the need for purification of the lignin
(Vishtal and Kraslawski 2011).
There have been some attempts to utilize saccharification residues in adhesive
applications but not without challenges. Zhang et al., (2013) used lignocellulosic
ethanol residue to substitute up to 50% of phenol in the phenol-formaldehyde resin
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in wood bonding. A maximum bonding strength of 1.4 MPa was observed. Qiao et
al. (2016) partially replaced phenol-formaldehyde resin with bio-ethanol production
residue containing 62% lignin and 10% ash for wood bonding. The highest bonding
strength (1.8 MPa) was obtained at 50% phenol substitution when the joint
assemblies were hot-pressed at 135 oC for 7-min with a pressure of 1.2 MPa.
Different from the previous attempts, chemical crosslinking was used as a strategy
to improve the bonding performance of saccharification residues. This strategy
was inspired from the extensive studies of crosslinking agents with cellulose
(Raucci et al. 2015; Spinella et al. 2016). Functionally, both cellulose and lignin
possess hydroxyl groups as reactive sites (Rowell 2013). Despite this resemblance,
chemical crosslinking is less often studied with lignin (Dehne et al. 2017).
One of the most successfully used crosslinkers is citric acid. Citric acid is a biobased crosslinking agent that has been widely used with cellulose and textiles to
improve many properties such as dimensional stability and wrinkle resistance.
When applying to saccharification residue for adhesive applications, citric acid is
expected to enhance its wood bonding capability, while maintaining a fully biobased content.
This chapter reports factors that affect wood bonding with saccharification residues
as the adhesive. These factors include saccharification level, particle size, grinding
energy, and hot-pressing time. Additionally, the effect of citric acid as a crosslinking
agent will be elaborated. Formation of ester linkages will also be discussed using
the FTIR data with reference to the adhesive curing (hot-pressing). Finally, the dry
and wet lap shear strength of the bonded substrates will be compared to those of
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phenol-formaldehyde resin, which is the most commonly used water-resistant
wood adhesive.
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RESULTS AND DISCUSSIONS
Chemical composition and particle size

Saccharification significantly altered the polymeric components of wood cell wall,
as indicated by the ratio among glucan, xylan, and lignin (Figure 4.1). Other
components, such as mannan, galactan and arabinan, were present in negligibly
small portions and not shown in the figure. In an untreated sample, glucan was the
dominant component contributing up to 50% of the three primary cell wall
components. In the same sample, the relative portion of lignin was 24%, whereas
the xylan portion was 22%. Alkali pretreatment resulted in a decrease in the
relative portion of xylan – it dropped from 22% to 11%. This drop is a consequence
of some xylan removal, which is known to occur in the alkaline condition (Trevorah
and Othman 2015). The relative portion of glucan and lignin increased to 60% and
29%, respectively. This relative increase was mainly due to the loss of xylan
because there is little lignin extraction in the alkaline condition (of 7% w/w
concentration) at a temperature lower than 100 oC (Mirahmadi et al. 2010).
After the pretreated sample was enzymatically saccharified to liberate 40% of its
glucan, the relative portion of glucan in the residue decreased to 45%, while the
relative portion of lignin increased to 41%. The glucan portion in the residue was
26% at maximum (80%) saccharification, while that of lignin was 54% at the same
saccharification level. It is important to indicate that the increased relative portion
of lignin (and xylan) after saccharification was due to the decrease in the glucan
content. This shows the effect of enzymatic hydrolysis (saccharification) on the
chemical composition of the alkaline pretreated biomass.
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Figure 4.1: The ratio among the three major components of aspen wood cell wall
under different conditions.

Generally, a higher energy input was required to grind particles at smaller grinding
gaps. It is noted from Figure 4.2 that in order to conduct the grinding at the lowest
grinding gap (i.e. the highest friction), a specific energy of 11 kWh was needed.
Gap closures of -125 µm and -50 µm (measured from the point of grinding disks
touching) required specific energy of approximately 4 kWh and 1 kWh,
respectively. Figure 4.3 shows the size distribution, measured from laser diffraction
studies, for particles from different grinding gaps and different saccharification
levels. It is observed that the size distribution shifts to the left (towards a smaller
size) as the grinding gap becomes smaller (Figure 4.3a). This is reasonable since
a closer gap means more friction during grinding, hence smaller particles were
produced. Another observation is that the size distribution becomes narrower when
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a higher friction is applied. This indicates an increased uniformity in particle size
when the grinding friction increased.
Figure 4.3(b) shows the size variation of mechanically ground particles as a
function of the saccharification level prior to grinding. The depicted distributions
are for grinding conducted at a gap closure of -125 µm. It is observed that solid
residues of 40% and 80% saccharification could be ground into smaller and more
uniform particles than the non-saccharified biomass. This clearly indicates the
significant effect of saccharification on enabling the subsequent size reduction of
the particles. This could be attributed to the loosened structure of the solid residues
induced by saccharification.
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Figure 4.2: The impact of the grinding gap closure on the specific grinding energy
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(a)

(b)

Figure 4.3: Particle size distribution of different gap clearances (a) and
saccharification levels (b).

Hot-pressing (curing) time and lap shear strength

Ground particles from the 80% saccharification residue was used in the
determination of the optimum curing time, based on the shear strength of the wood
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(single) lap joints that it bonded. Figure 4.4 shows that the lap shear strength
increased from 1.8 MPa (1-min curing) to 3.2 MP at 3-min hot-pressing, and
reached a maximum of 5.4 MPa at 5 min. The wood bond strength remained the
same at 5-15 min of hot-pressing. This shows that lower curing times (1 and 3 min)
are not sufficient to form good bonding; however, 5 min seems to be a reasonable
time to allow sufficient curing. Moreover, hot-pressing for longer than 5 min does
not appear necessary as the lap shear strength did not improve.
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Figure 4.4: Effect of curing time on lap shear strength (grinding gap: -125 µm;
pressing temperature: 180 oC).

In a recently published study, Kalami et al., (2017) attempted to replace 100% of
phenol in the phenol-formaldehyde adhesive by substituting with residual lignin
from lignocellulosic-based bioethanol production. In their study, pure lignin was
produced after further isolation and purification steps. Their results showed that
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the 100% replacement of phenol resulted in a dry shear strength of 3.4 MPa (cured
at 180 oC for 3-4 minutes), which is quite similar in value (3.2 MPa) compared to
our lap joints formed under the same temperature and pressing time (3 min). It is,
however, worth noting that the adhesive spread rate of the cited study was 4000
g/m2 (0.1 g on 25 mm2 surface) compared to 200 g/m2 (0.011 g spread onto 55
mm2) in our study.
Figure 4.5 shows the lap shear strength of specimens bonded with solid residues
of the same grinding gap (-125 um) from the three levels of saccharification. The
ground sample from residues obtained from 40% and 80% saccharification
exhibited significantly higher lap shear strength values (4.27 and 5.59 MPa)
compared to that (1.58 MPa) of non-saccharified sample (alkali pretreatment only).
The higher bond strength of the 40% and 80% saccharified samples could be
attributed to the bonding ability of xylan (Norström et al. 2015) and lignin (Mancera
et al. 2011) which, as shown in Figure 4.1, are present in larger portions in the
residue compared to the non-saccharified sample. These cell wall components
contain hydroxyl groups for hydrogen bonding, which is expectedly the major
bonding type in the lap joint. Another possible mechanism is through the
condensation of lignin and furfural. Furfural, resulting from the (thermal)
breakdown of xylan, could act as a crosslinking agent for lignin (Binder et al. 2010;
Dongre et al. 2015).

Moreover, laser diffraction results showed that the particles from saccharified
residue (40% and 80%) was about one third in size (mean volume diameter)
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compared to particles from non-saccharified samples. Published results on using
solid particles of phenol formaldehyde showed the importance of having a smaller
particle size on the strength of wood bond (Ellis 1992). This favorable effect is
postulated to be a result of increased specific surface areas in smaller particles,
thereby exposing more reactive sites for bonding.
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Figure 4.5: Effect of saccharification on shear bond strength (grinding gap: -125
µm; pressing temperature: 180 oC; pressing time: 5 min). The value on each
column refers to mean particle size summarized from Figure 4.3.

Figure 4.6 shows, more relevantly, how both the particle size and saccharification
variables affect lap shear strength of the bonded substrates. For samples of 80%
saccharification level, the lap shear strength ranged from 3.55 MPa (no grinding)
to 6.25 MPa (-175 µm grinding gap), with smaller particles exhibiting higher bond
strength. Owing to the critical influence of particle size, comparisons between
different saccharification levels were conducted at a similar size. At a particle size
of 30-35 µm, the residue from 80% saccharification level exhibited a significantly
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higher lap shear strength (5.59 MPa) than that obtained from 40% saccharification
level (4.27 MPa). Additionally, the sample from 80% saccharification performed
remarkably better than that from 0% saccharification (only pretreated), with a lap
shear of 4.86 MPa compared to 1.58 MPa, at a particle size of 97-98 µm. Wood
failure was not noticed in any of the tested specimens.
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Figure 4.6: Lap shear strength as a function of particle size and saccharification
level.

The relation between lap shear strength and specific grinding energy was depicted
in Figure 4.7. As previously found, higher energy inputs were required during
grinding to obtain smaller particle size. It is shown that when the grinding energy
increased from 0 (no grinding) to 0.8 kWh/kg, lap shear strength increased from
3.6 to 4.9 MPa. The shear strength further increased to 6.3 MPa when the grinding
50

energy reached 11 kWh/kg. This indicates that a higher energy was beneficial to
promote a strong bond between wood substrates. It is also seen in the same figure
that the solid residue from 80% saccharification performed better than nonsaccharified residue when ground using the same grinding energy. This favorable
result was observed when compared to either the non-saccharified residue or
residues of 40% saccharification. This result suggests the improved ease with
residues of 80% saccharification in using grinding treatments to develop its wood
bonding capabilities.

Figure 4.7: Effect of grinding energy input on lap shear strength.

Improving lap shear strength using a bio-based crosslinker

Based on the previous discussions, residues from 80% saccharification level
ground at -175 µm gap were selected for further bond strength improvement using
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citric acid as a crosslinker. The first step was to determine the optimum dosage,
by examining different levels ranging between 0 % (no citric acid) and 100 % (only
citric acid) based on the dry weight of the adhesive.
As shown in Figure 4.8, dosages up to 20% citric acid were not effective in
improving the wood bonding capability of the saccharification residue. At 33% citric
acid, which is the next higher dosage tested, an increased lap shear strength (7.60
MPa) was observed. No further improvement, however, was noted as the citric acid
dosage was increased to 67%. When wood substrates were bonded with only citric
acid, the lap shear strength dropped to 3.2 MPa.
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Figure 4.8: The effect of citric acid dosage on lap shear strength at 5 min curing
time and 180 oC hot-pressing temperature. Phenol formaldehyde (PF) is a
reference.

The highest lap shear strength (7.60 MPa) achieved with 33% citric acid is a
significant improvement compared to bonding without citric acid (5.44 MPa). This
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comparison should be viewed with considerations that the adhesive spread rate is
higher (300 g/m2) in wood bonded with the addition of citric acid than the case
without citric acid (200 g/m2) as a result of maintaining a similar amount of
saccharification residue (11 mg dry mass). Nevertheless, the result shows that a
high wood bond strength can be attained to the level comparable to that of
commercial phenol-formaldehyde resin (200 g/m2 spread rate) cured at the same
temperature (180 oC) and curing time (5 min) as the citric acid-cured bonding.
Additionally, this optimum dosage (33%) of citric acid resulted in 44±8% wood
failure, while no wood failure was observed in the case of phenol formaldehyde (at
the previously mentioned spread rate). This observation could be attributed to the
high viscosity of the phenolic resin that makes it difficult to penetrate into the wood
substrate for creating mechanical interlocking (Dunky 2003; Pizzi and Mittal 2003),
which is also beneficial for bond strength.
The next attempt was to examine if citric acid (33%; optimum dosage) could
shorten the five-minute curing time established earlier (without citric acid). To
achieve this goal, the lap shear assemblies were hot-pressed at different time
durations from one minute to five minutes. Results (Figure 4.9) show an increase
in bond strength from 3.8 MPa (1-min curing time) to 7.6 MPa at 5-min curing time.
A curing time of two minutes is sufficient to attain lap shear strength of 5.75 MPa
as opposed to 5.44 MPa in 5-min hot-pressing without citric acid. This shows the
role of citric acid in expediting the bond strength development. The result also
shows that 5-min hot-pressing is still the best among the tested curing times.
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Figure 4.9: Effect of curing time on lap shear strength with 33% citric acid (pressing
temperature: 180 oC).

FTIR studies: Esterification in citric acid-cured saccharification residues

The proposed reaction between citric acid and saccharification residues is the
esterification reaction between the carboxylic groups of the former and the
hydroxyl groups of the latter, similar to the crosslinking reaction between citric acid
and cellulose (Spinella et al. 2016). Therefore, FTIR was used to detect and
monitor the ester groups in saccharification residues cured with citric acid.
Generally, the carbonyl group (R-COOH) of a carboxylic acid is identified by the
1700-1730 cm-1 band, while the ester carbonyl group (R-C-O-O-R’) is represented
by the band between 1735-1750 cm-1 (Smith 1999) (Figure 4.10). The interference
between these two adjacent bands is likely to occur. Washing with sodium

54

hydroxide (0.1 N) before collecting infrared spectra was proven essential to
eliminate the carbonyl group interference from the unreacted citric acid (Yang et
al. 1997).

Washed

Unwashed

Figure 4.10. FTIR spectra of washed and unwashed samples.

Figure 4.10 shows that washing with NaOH shifted the band (1725 cm-1) to a higher
wavenumber (1735-1750 cm-1) with an accompanied decrease in intensity. This
indicates the removal of unreacted citric acid, further allowing for our subsequent
examination of ester groups. A very pronounced peak was also observed at 1570
cm-1 for the washed sample. This peak corresponds to the carboxylate (R-COONa)
group from the reaction of sodium hydroxide and carboxylics (Yang and Wang
1996). The detected carboxylate is an indication of unreacted carboxylic groups in
the citric acid that had partially reacted (through its other carboxylic functionality)
with the saccharification residue. On the mechanism of esterification with citric
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acid, it is believed that the reaction takes place through the formation of cyclic
anhydride intermediates, which further react with hydroxyl groups to form ester
linkages (Harifi and Montazer 2012). Even though there were studies that
observed cyclic anhydrides (1854 and 1782 cm-1) in their spectra (e.g. Mao and
Yang 2001), it was not observed in the present study. This is probably due to the
complete conversion of the cyclic anhydride intermediates into ester groups during
hot-pressing (with one carboxylic group released for every cyclic anhydride
reacted).

Figure 4.11 shows the evolution of ester band in the adhesive starting from room
temperature (i.e. no heating) to 5-min hot-pressing. At a glance, the 1750 cm-1
intensity increased as the curing time increased, indicating an increase in the ester
linkages. To quantify the extent of ester linkages, the 1505 cm-1 band that
corresponds to the aromatic skeletal vibration of lignin was used as an internal
standard. The intensity of this reference band did not change through the course
of the reaction (Kline et al. 2010). Figure 4.12 shows the values of normalized
intensities (1750 cm-1/1505 cm-1) versus lap shear strength. It is clearly shown that
the higher amount of ester bonds resulted in a higher bonding strength.
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Figure 4.11: FTIR spectra of uncured samples, samples cured at 1 min and 5 min.
Note: Other curing durations were omitted from the figure for clarity purposes.
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Wet bond performance

The wet bond strength (Figure 4.13) of wood bonded with saccharification residue
was higher with citric acid curing (5.2 MPa) than that without citric acid (1.9 MPa)
at the same residue content. Moreover, the saccharification residue when added
with citric acid exhibited a wet bond strength that was about 30% higher than that
observed for bonding with phenol formaldehyde (200 g/m2 spread rate). Overall,
the reported wet performance suggests favorable potential of the saccharification
residue as a wood adhesive (cured with citric acid) for applications in high moisture

Lap shear strength (MPa)

(humidity) exposure.
10
9
8
7
6
5
4
3
2
1
0

8.01

7.62
6.25
5.19

3.96
Dry
Wet

1.91

Without citric acid

With citric acid

Phenol
formaldehyde

Figure 4.13: Wet bond performance of lap joints bonded with saccharification
residues with and without citric acid compared to phenol-formaldehyde adhesive.

The improved wet performance of the lap joints bonded with the aid of citric acid
is due to its crosslinking effect. It is known that polycarboxylic acids (PCAs)
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participate in esterification reactions via formation of cyclic anhydride
intermediates which then open up to react with hydroxyl groups of lignocellulosics
to form ester bonds (Dehabadi et al. 2013). This mechanism dictates that PCAs of
tri-functionality (such as citric acid) or higher are required to form the minimum two
ester linkages (per PCA molecule) needed for crosslinking of the lignocellulosic
host materials. With the same reasoning, bifunctional PCAs such as adipic acid
could only form monoesters resulting in the substitution of hydroxyl groups (one
per adipic acid molecule) of lignocellulosics, but it could not induce crosslinking.
This difference in carboxylic functionality was harnessed to verify that crosslinking,
but not hydroxyl replacement (up to two per citric acid molecule), was the primary
contributor to the observed improvement in wet performance. Results (Figure 4.14)
show that adipic acid at two-time the dosage of citric acid (to maintain similar
number of hydroxyl sites substitution) did not markedly improve the wet bond
strength of the saccharification residue. Between the two dosages of adipic acid,
the higher (2x) dosage improved subtly the wet bond strength, suggesting a minor
contribution of the hydroxyl group substitution (increased hydrophobicity) when
crosslinking is absent. Combined, these results confirm that citric acid functions as
a crosslinker for the saccharification residue in wood bonding.
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Figure 4.14: Wet bond performance of saccharification residue with citric acid
(dosage equivalent to the typical 33 wt% in adhesive) and adipic acid (two
dosages). The dosage (mmol) indicated was based on the dry mass (g) of the
residue.
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SUMMARY
A fully bio-based adhesive system was formulated using lignin-rich saccharification
residues. The level of enzymatic saccharification played a significant role in the
chemical composition of the residues and, when subject to subsequent grinding,
also their particle size. Higher saccharification levels are favorable for achieving a
higher wood bond strength. It follows that enzymatic saccharification, in the
process of liberating fermentable sugars from woody biomass, also imparts
desirable properties to its solid residue for adhesive applications. This has the
implication of reducing the preparation cost of the intended adhesive co-product.
At the same saccharification level, the solid residues bond stronger to wood
substrate if the particles are ground into a smaller size. Thus, our strategy of
increasing reactive surfaces is proven successful in promoting wood bond
strength.
The application of citric acid greatly improved the bond performance of the
saccharification residue. A dosage of 33% citric acid was the optimum, among the
tested levels, to obtain the highest lap shear strength. The formation of ester bond
was successfully confirmed by FTIR, which showed that the improved bonding of
wood substrate is a result of ester bonds. The wet bond strength attained a value
higher than that for phenol-formaldehyde resin, and crosslinking was identified as
the primary contributor.
Overall, the fully bio-based adhesive formulated from this study is competitive in
bonding performance compared to the commonly used structural wood adhesive,
which is currently made of petroleum-based chemicals.
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CHAPTER FIVE
CROSSLINKING AND BOND PERFORMANCE

BACKGROUND
The crosslinking of polymers has long been employed to improve an existing
property or generate a new set of properties (Mane et al. 2016). Crosslinked
polymers are typically produced by connecting the polymer chains via covalent or
ionic bonds which will result in a decrease in the freedom of molecules (Berger et
al. 2004; Maitra and Shukla 2014). In addition to the chemical crosslinking,
linkages between chains could also be induced non-covalently through physical
interactions. In the physical crosslinking, secondary interactions such as hydrogen
bonding, dipole-dipole and Van der Wall’s interaction are introduced between the
molecules (Kunugi and Yamaoka 2012). These interactions are generally weaker
than the chemically-induced bonds, but they often act as a support to the primary
bonds (Zhang et al 2013).
Chemical crosslinking can be achieved by different means such as free radicals
and condensation reactions. In the free radical crosslinking, an initiator and heat
are used to initiate the free radical reaction (Okay et al. 1995). Radiation, e.g. ultraviolet (UV) energy, can be used to induce a rapid curing and crosslinking (Decker
2002).
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Esterification is a type of condensation reactions widely used for crosslinking
(Halpern et al. 2014). Typically, an esterification reaction is conducted between a
hydroxyl group and a carboxylic group. The esterification reaction is generally
favored under acidic or base conditions. However, it was also found that the
reaction can also be carried out in the absence of a catalyst (neutral conditions)
(Otera 2004). Esterification has long been used to improve the properties of
polysaccharides. In cellulosic textiles, the crosslinking of the cellulose chains using
carboxylic acids has greatly improved their dimensional stability and crease
resistance. Hemicelluloses can also be esterified to expand their application range
(Daus and Heinze 2010). For example, Stepan et al. (2014) developed a water
repellent thermoplastic films from acetylated arabinoxylan reinforced with
nanofibrillated cellulose (10 wt.%)
There is a wide span of crosslinking agents used to chemically crosslink
biopolymers. Crosslinking agents are units containing two or more functionalities
that interact with the polymer to form a crosslinked structure (Mane et al. 2016).
Many of the effective crosslinkers are petroleum-based and harmful to the
environment such as formaldehyde and glutaraldehyde (Xu et al. 2015). As a
result, there is an ongoing quest to study the use of bio-based and/or
environmentally

friendlier

alternatives

to

petroleum

based

crosslinkers.

Polycarboxylic acids (PCA) are promising crosslinkers that have been applied on
a wide span of biopolymers. Particularly, PCAs have been used extensively in
enhancing the properties of cellulosic materials. Mao and Yang, (2001b) used
PCAs, such as itaconic acid to attain a high degree of wrinkle resistance of the
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cotton textiles. They also successfully verified, via infra-red spectroscopy, the
formation of esters in the PCA-treated textile.
Citric acid is one of the most successfully used polycarboxylic acid crosslinkers
that is bio-based and cost effective (Harifi and Montazer 2012). With three
carboxylic acid functionalities in each molecule, citric acid is capable of forming
crosslinks through esterification with hydroxyl-containing materials. Citric acid has
a long history of being used to crosslink cellulosic-based materials. de Cuadro et
al. (2015) used citric acid to crosslink cellulose and poly(ethylene glycol). At a
curing temperature of 150 oC and curing time of 3 min, and in the presence of a
catalyst (sodium hypophosphite monohydrated), the crosslinking resulted in
dimensionally-stable cellulosic-based products. Citric acid has also been explored
in the crosslinking of cellulosic materials for medical applications. For example,
Marani et al. (2015) successfully crosslinked hydroxypropylmethyl cellulose films
with citric acid for nicotine release therapy.
Citric acid is also proven effective as a crosslinker for adhesive applications.
Umemura et al. (2012), who bonded wood bark powder with citric acid to fabricate
molded products, found covalent bonding between the two ingredients which led
to crosslinking between particles. The same research group explored the potential
of using citric acid and sucrose as a binder for particleboard (Umemura et al 2013).
In the study, it was found that a mixing ratio of 25-75 (citric acid to sucrose) resulted
in particleboards with good water resistance (thickness swelling after 24 h was
12%) and relatively good internal bond strength (1.6 MPa). However, a relatively
higher temperature (200 oC) and longer time (10 min) were required to press the
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boards than most of the adopted curing temperature and time for crosslinking with
citric acid (de Cuadro et al. 2015; Marani et al. 2015).
This chapter reports the esterification crosslinking of the adhesive from
saccharification residues at different curing time durations and temperatures. The
relative and absolute quantification of ester bonds will be discussed in the context
of bond formation and degradation during hot-pressing. At the end of the chapter,
a kinetic model which describes the rate of ester formation will be presented.
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RESULTS AND DISCUSSION
Crosslinking and bond evolution

In the first half of this discussion, the crosslinking and the evolution of ester bonds
will be discussed. Figure 5.1 depicts the wood bond strength development of
saccharification residues during hot-pressing with and without citric acid. The
residue was about 11 µm in size, produced from grinding at a gap of -175 µm. For
curing with citric acid, the lap shear strength of the wood joint assemblies sharply
increased from 3.8 MPa to 7.6 MPa when the curing time increased from 1 min to
5 min. The lap shear strength exhibited a slight decline upon 7- and 10-min curing.
A noticeable decrease in wood bond strength was noted at a curing time of 15 min,
which resulted in an average lap shear strength value of 6.3 MPa. For bonding
with saccharification residues without citric acid, the drastic increase in lap shear
strength (from 3.3 MPa to 5.5 MPa) occurred between 1 min and 3 min hotpressing time. The wood bond strength continued to develop, albeit at a slower
rate, at 5-min and 7-min pressing when it reached a maximum lap shear strength
of 6.2 MPa. Here it is worth noting that 1) the maximum wood bond strength
attained is lower (by 1.4 MPa) than the maximum for citric acid-crosslinked
residues, and 2) it stayed constant up to 15-min pressing, which is in contrast to
the deteriorated bond strength of crosslinked adhesive at 15-min hot-pressing.
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Figure 5.1: Differences in lap shear strength between crosslinked and
uncrosslinked residue as a function of curing time. All specimens were pressed at
180 oC.

While hydrogen bonding is believed to be the major contributor in the bonding of
wood by using only saccharification residues, ester linkages are expected in the
case of citric acid-cured bonding. Therefore, FTIR was employed to understand
the evolution of crosslinking in the latter. This entails studying the reaction between
citric acid and saccharification residues without considering the wood substrates
for the reason of minimizing interferences from additional variables. The reacted
products were washed with sodium hydroxide (0.1 N) to remove excess
(unreacted) citric acid. The FTIR spectra of the citric acid-cured sample was
descried in Chapter 4. Here, we present the data obtained by taking the intensity
ratio between the ester carbonyl band (1735-1750 cm-1) and the (internal
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reference) band at 1505 cm-1 which corresponds to the C=C in the aromatic
skeletal of lignin (Kline et al. 2010; Lin and Dence 1992).
Figure 5.2 shows the evolution of ester bonds when cured for different durations.
Initially, a steep increase in the relative amount of esters from 1-min to 5-min
pressing was observed. The difference in the quantity of esters detected among 5, 7-, and 10-min pressing is insignificant, as judged from the overlapping error bars
of both data sets. Strikingly, the amount of esters noticeably declined as the hotpressing time was extended to 15 min, similar to what was observed for the case
of lap shear strength (Figure 5.2). This result indicates that some of the ester
linkages formed were reversed (ruptured) due to longer exposure to heat (at 180
oC),

explaining the declined lap shear strength at an extended curing time (i.e. 15
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Figure 5.2: the evolution of ester bonds with respect to curing time (pressing
temperature: 180 oC).
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To further relate ester linkages to the bonding performance of the crosslinked
adhesive, conductometric experiments were performed on the adhesive system
(crosslinked residue without substrates) to obtain the absolute quantity of ester
bonds. For the experiment, the adhesive samples were first washed with NaOH
(remove unreacted citric acid), and then protonated with HCl (0.1 N) to convert
ester bonds into carboxylic acid which was subsequently titrated. The quantity of
carboxylic groups detected (and reported here) is thus an indication of the amount
of ester bonds in the sample of interest (prior to protonation).
Figure 5.3 shows a linear relationship between the amount of carboxylic groups
(ester bonds) and the wood bond strength of the adhesive. The data points along
the regression line can be divided into three regions. The first region, which
contains the data point for 1-min curing time, shows the minimum amount of ester
formed, which explains the lowest lap shear strength in wood bonding. Clearly this
is due to the insufficient curing time for developing the ester bonds. The second
region contains two data points for medium ester content, corresponding to 3-min
and 15-min pressing. It is worthy to note here that the two data points fall in this
region due to different reasons: insufficient curing for 3-min hot-pressing, and bond
degradation for 15-min hot-pressing. The degradation of ester bonds is thus
verified as the reason for the decreased lap shear strength of wood joints bonded
at 15 min curing time. Finally, the third region in the plot represents the highest
ester contents for 5-, 7-, and 10-min curing which seem to not differ significantly.
Hence, the shorter 5 min hot-pressing time is indeed more favorable.
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Figure 5.3: The effect of the absolute amount of ester on the lap shear strength of
bonded specimens.

Further, a supplemental experiment was designed to support the findings about
ester bond degradation. This involved the use of thermal gravimetric analysis
(TGA) to examine saccharification residues pre-heated at 180 oC for 5 min
(optimum for ester formation) (Figure 5.4). Distinctively, the thermal degradation
profile shows a region of mass loss starting at around 170 oC for the citric acidcrosslinked sample; this feature is absent in the sample hot-pressed without citric
acid. This degradation temperature, interestingly, is close to the hot-pressing
temperature of 180 oC. The mass loss at this temperature range had been
attributed to the breakage of C-O bonds in esters (Gordobil et al. 2016). Though a
similar degradation temperature (175 oC) is reported (Wyrzykowski et al. 2011) for
citric acid, its contribution can be eliminated by NaOH washing using the protocol
established in Chapter 3. Figure 5.5 shows that the degradation around 170-220
70

oC

remained though significantly reduced after removal of excess citric acid. It

follows that ester bonds ruptured when heated above 170 oC; the effect would be
magnified at longer heating time (e.g. 15 min in this study) during curing to result
in declined wood bond strength.

o

~170 C

o

~225 C

Figure 5.4: Mass loss as a function of temperature of the uncrosslinked and
crosslinked (at 180 oC for 5 min) residue.
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Figure 5.5: Thermogravimetric TG (solid line) and derivative thermogravimetric
DTG (dashed line) data of NaOH-washed sample (blue) and unwashed sample
(red).

Curing kinetics

In the second half of this chapter, the kinetics of the ester formation is discussed.
The lap shear strength values for three temperature levels (120, 150, and 180 oC)
are shown in Figure 5.6. As a general trend, specimens cured at 180 oC showed
the highest lap shear strength for all the tested curing time. This is followed by the
specimens bonded at 150 oC, while the ones bonded at 120 oC exhibited the lowest
wood bond strength.
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Figure 5.6: Lap shear strength as a function of temperature and curing time.

For the specimens bonded at 120 oC and 150 oC, the lap shear strength increased
in general as a function of curing time. Such a trend is distinguishable from those
of 180 oC pressing, which as discussed in earlier paragraphs, reached a maximum
at 5-min curing followed by a slight decrease at 7-min curing. The differing trend is
possibly due to the need for a longer curing time at lower temperature to fully
develop the bond strength or/and the pressing temperature levels are below the
ester bond degradation onset (~170 oC) observed from TGA studies.
To obtain data for studying kinetics of ester bond formation, a calibration curve
was established to relate the FTIR intensity ratio, which is faster and easier to
obtain, to the absolute ester content determined from conductometric titration.
Figure 5.7 shows a linear relationship, with high coefficient of determination,
between the two sets of data experimentally determined for 180 oC curing. To verify
the applicability of the relationship, two experimental data points were obtained for
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the 120 oC and 150 oC hot-pressing temperature; the two points fell within an
acceptable range of the regression line. Once verified, the calibration curve was
used to convert the relative esters values (FTIR) into absolute ester content for the
crosslinked samples cured at 120 oC and 150 oC. As each ester is formed (with
hydroxyls) from one carboxylic group of citric acid, the ester content (in mole)
“predicted” from the regression line also represents the amount of carboxylic acid
(in mole) consumed during esterification (crosslinking). Hence, the term
“consumed COOH” will be used in the subsequent kinetic analyses which indicates
the amount the COOH “consumed” to form ester bonds.
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Figure 5.7: The correlation between the absolute and relative amount of esters in
the crosslinked residue.
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Figure 5.8 shows the natural log of the consumed COOH (for forming ester bonds)
as a function of curing time. The reaction for ester bond formation is considered a
first order reaction whose rate constant (k) depends linearly on the concentration
of only one reactant, which is the citric acid (Equation 1 and 2). This assumes the
excess of hydroxyl groups in the saccharifiation residue.

𝑅𝑎𝑡𝑒 =

−𝑑[𝐶𝑂𝑂𝐻]
= 𝑘[𝐶𝑂𝑂𝐻] ,
𝑑𝑡

1

𝑅𝑎𝑡𝑒 =

𝑑[𝐶𝑂𝑂𝐻]
= −𝑘𝑑𝑡 .
[𝐶𝑂𝑂𝐻]

2

Integrating both sides of the equation and rearranging to solve for [COOH]
(Equation 3 and 4),
ln[𝐶𝑂𝑂𝐻] − ln[𝐶𝑂𝑂𝐻]𝑜 = −𝑘𝑡 ,

3

ln[COOH] = −𝑘𝑡 + ln[𝐶𝑂𝑂𝐻]𝑜,

4

where [COOH]o is the initial concentration of carboxylic groups and [COOH] is the
concentration of carboxylic groups at time t.
Equation 4 was plotted in Figure 5.8, and so the slope of each straight line
represents the rate constant (k) for a curing temperature. It is observed from Figure
5.8 that the values of the rate constant increased with the increase in temperature
(summarized in Table 5.1). In other words, the crosslinking reaction rate is higher
at higher curing temperatures.
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Figure 5.8: The natural logarithm of the amount of COOH consumed as a function
of curing time.

Table 5.1: The value of the rate constant (k) obtained from the linear equation of
each temperature
Temperature (oC)

Slope, k (min-1)

120

0.0291

150

0.0507

180

0.0672

The relation between the esterification reaction rate constant and temperature is
described by the Arrhenius equation (Equations 5 and 6),
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−𝐸𝑎

𝑘 = 𝐴 𝑒 𝑅𝑇 ,

5
𝐸

ln 𝐾 = ln 𝐴 − 𝑅𝑇𝑎 ,

6

where A is the frequency factor, Ea is activation energy, R is the gas constant
(8.314 J/(mol K)) and T is the absolute temperature.
The activation energy, based on Equation 6, can be calculated from the slope of
the plot of the natural log of k against 1/T, which is presented in Figure 5.9. From
the slope, the activation energy was calculated to be 21 KJ/mol.
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Figure 5.9: The dependence of rate constant on temperature.
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0.0026

SUMMARY
When using saccharification residues as the adhesive and citric acid as
crosslinker, the shear strength of the bonded joints is maximum (7.6 MPa) at 5min hot-pressing. If cured longer than 5 min, the lap shear strength would decline,
which was more obvious for 15-min hot-pressing (longest curing time) in this study.
Relative and absolute quantification using, respectively, FTIR and conductometric
titration revealed that some ester linkages formed during curing were thermally
degraded in the case that the curing time was extended. This thermal degradation
of ester linkages was also supported by the thermogravimetric analysis data which
showed the onset of degradation at a temperature level that is close to the hotpressing temperature.
The linear correlation between the relative amount of ester (FTIR) and the absolute
amount (conductometric titration) was established. The amount of esters formed
was used to conduct a kinetic study, which resulted in the determination of
activation energy (21 KJ/mol) for the esterification reaction between citric acid and
the saccharification residue.
Overall, findings from this chapter suggests that the bond performance of the
adhesive can be potentially optimized by manipulating crosslinking conditions
during thermal curing. This outcome signifies an improved understanding of
saccharification residues for adhesive coproducts aiming at increasing the
economic viability of the bioenergy system.
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CHAPTER SIX
MECHANISMS OF BONDING
BACKGROUND
The study of self-bonding has long gained a lot of interest as a means to bond
wood-based panels without an adhesive to minimize the dependence on
petroleum-based adhesives. This self-bonding is made possible typically due to
the chemical and physical changes that take place upon exposure to elevated
temperatures (>160 oC) (Alvarez et al. 2015). Lignin was found to undergo
condensation reactions as a result of the heat treatment (Okuda et al. 2006). This
lignin condensation (between particles) occurs following the breakage of ether
linkages (e.g. β-O-4) that connect the lignin units together (within a particle). In
addition, the condensation reaction between lignin and furfural was studied. The
furfural was resulted from the thermal decomposition of the carbohydrate portion
(Figure 6.1) (Bhaumik and Dhepe 2014). It should also be noted that the degree
of condensation depends on the starting material (e.g. hardwood lignin vs softwood
lignin) and how the pretreatment was conducted (e.g. alkali vs acid pretreatment).
This type of condensation reaction was found to enhance the adhesion properties
of the lignin-furfural adhesive (Dongre et al. 2015).
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Figure 6.1. Thermal decomposition of hemicellulose at elevated temperature
(Adapted from Bhaumik and Dhepe 2014 with permission of The Royal Society of
Chemistry).

In addition to the chemical transformations, physical changes were also suggested
to contribute to self-bonding of lignocellulosics. Chow and Pickles (1971) studied
the thermal softening of wood to enhance the strength, water resistance, and
dimensional stability of wood and showed the impact of thermal softening on selfbonding.
Furthermore, the availability of certain functional groups such as hydroxyl groups
is also important for wood bonding. The presence of hydroxyl groups promotes the
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formation of hydrogen bonding which were proven useful in wood adhesion (Frihart
2013).
Other than the aforementioned, ester bonds also expectedly contribute to the bond
strength in adhesive curing that uses polycarboxylic acids of tri- or higher
functionality. The esterification reaction occurs via formation of cyclic anhydride
intermediates which then open up to react with hydroxyl groups of lignocellulosics
to form ester linkages (Dehabadi et al. 2013).
This chapter was aimed at evaluating the possible mechanisms in the bonding of
wood with saccharification residues and citric acid. This was achieved by first
modifying the conductometric titration method to obtain more details pertaining to
the reaction extent of the citric acid carboxylic groups. Also, FTIR and lap shear
tests were employed to examine the impact of the hydroxyl groups resulted from
different chemical compositions of the alkali- and acid-pretreated samples.
Additionally, solid-state

13C

nuclear magnetic resonance (SSNMR-13C) was used

to investigate the chemical changes (e.g. lignin condensation) taking place after
the hot-pressing of the saccharification residue with citric acid in two cases of
pretreatments conducted prior to saccharification.
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RESULTS AND DISCUSSION
Reactions between hydroxyl groups and citric acid

To examine the reaction between hydroxyl groups and citric acid, conductometric
titration was conducted for adhesive cured in the presence of wood substrates.
This is different from the conductometric titration method discussed in Chapter 5
which was conducted on the adhesive system (residue + citric acid). The presence
of wood substrates (adherend) allowed the consideration of the esterification
reactions taking place between the citric acid crosslinker and the substrate, in
addition to those within the glueline (between citric acid and saccharification
residues).
Different from the titration conducted on the adhesive, the method adopted here
involved two titration experiments. For the first titration experiment, the lap joint
bonded area was Wiley-milled and washed with water to remove the unreacted
(free) citric acid (Figure 6.2). Titration with sodium hydroxide was performed to
detect, in the crosslinked structure, the carboxylic acid (COOH) group that was not
reacted during bonding. For the second titration experiment, specimens from the
same batch of bonded sample as above was ground, washed with NaOH to
remove excess (free) citric acid, and protonated with hydrochloric acid (0.1 N). The
protonation step cleaved the ester bonds that were formed during bonding. The
released carboxylic acid groups were then titrated with NaOH. The difference in
titration results between the two experiments is indicative of the total COOH which
were initially consumed for ester linkages (during wood bonding) (Figure 6.2).
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Titration 1

Washing
Protonation

Titration 2
Figure 6.2: The washing steps in the two titration experiments and the conversion
of ester bonds to the protonated form.

The amount of COOH consumed for esterification was about two-third of the total
available COOH (Table 6.1). It should also be noted that the lowest percentage of
COOH involved in ester formation occurred at 1-min curing time. A slight decrease
in the COOH percentage was observed at 15-min curing time. This is due to the
prolonged exposure to the temperature (180 oC) of hot-pressing, which was
concluded in Chapter 5.
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Table 6.1: Summary of the two titration experiments (i.e. with and without
protonation) at different curing times and the percentage of COOH involved in ester
formation.
Curing time
(min)
1
3
5

With protonation
(mmol/kg)
88
103
123

Without protonation
(mmol/kg)
46
41
40

% COOH
involved in esters
47
60
68

7
10
15

139
114
104

53
36
41

62
69
61

The titration result is in agreement with the citric acid crosslinking mechanism
established for cellulose (Dehabadi et al. 2013), which involves first forming, from
two carboxylic acid groups of the same molecule, a cyclic anhydride intermediate
(Figure 6.3). This leaves the third carboxylic acid group unreacted since no further
cyclic anhydrides can be formed. The two-third carboxylic acid conversion
observed in this study is thus reasonable. The cyclic anhydrides formed were all
reacted with the hydroxyl groups of wood substrates or saccharification residues
to form ester linkages. This explains the absence of the cyclic anhydride in the
FTIR spectra of citric acid-cured samples (Figure 4.12) shown in Chapter 4.
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Figure 6.3: Formation of cyclic anhydride as an intermediate step before the
reaction with cellulose (Reproduced from Dehabadi et al. 2013 with permission).

The hydroxyl group content in the saccharification residue adhesive is critical in its
ester bonding to wood through citric acid. To demonstrate this point, a dilute
sulfuric acid pretreatment was conducted to aspen wood. The acid-pretreated
sample exhibited a much lower xylan content (Table 6.2) due to acid hydrolysis,
resulting in a higher lignin content compared to the alkali pretreated sample, which
is the starting raw material for our adhesive. The effects of enzymatic
saccharification and particle size of the solid residues on wood bonding had been
demonstrated in Chapter 4. When comparing between saccharification residues
from acid- and alkali-pretreated wood (same particle size of 11 µm, as tested with
laser diffraction), the former exhibited a lower lap shear strength in its citric acid
bonding of wood (Figure 6.4). This lower wood bond strength can be attributed to
the lower amount of hydroxyl groups, as revealed from the lower FTIR spectral
intensity of the hydroxyl band (3030 - 3650 cm-1) of oven-dried samples (Figure
6.5). It therefore can be deduced that the hydroxyl availability of saccharification
residues is an important factor for crosslinking with citric acid in their application
as a wood adhesive.
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Table 6.2: The relative amount of individual components of alkali- and acidpretreated saccharification residue.

Pretreatment

Lignin (%)

Glucan (%)

Xylan (%)

Alkali pretreated

36.8

17.8

14.1

Acid pretreated

68.2

19.9

1.0

Lap shear strength (MPa)

10

Acid pretreated-saccharified+citric
NaOH pretreated-saccharified+citric

8
6

4
2
0

Figure 6.4: Lap shear strength of alkali- and acid-pretreated saccharification
residue crosslinked with citric acid (Pressing temperature: 180 oC; pressing time:
5 min).
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Figure 6.5: FTIR spectra of alkali- and acid-pretreated saccharification residue
without hot-pressing.

Lignin condensation in saccharification residue: Implication to subsequent
wood bonding

Other than the total amount, the types of hydroxyl groups is also important in their
reaction with citric acid. As a general rule, reactions tend to take place at the
primary hydroxyl groups of polysaccharides. This means that in cellulose, the
hydroxyl group attached to C6 has the highest reactivity (primary OH). The
hydroxyl groups at C2 has higher reactivity than that at C3. In xylan, there is no
primary hydroxyl groups, however, the order of reactivity for C2 and C3 is the same
as the cellulose (C2 > C3) (Sun 2010). Kishimoto et al. (2002) found that the C2
hydroxyl of xylan has a higher reactivity towards quinone methide, an intermediate
during lignin biosynthesis (Leary 1980). In lignin, aliphatic and hydroxyl groups also
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vary in their reactivity. In the absence of any methoxy groups, phenolic hydroxyls
are more reactive than the aliphatic hydroxyls. However, the presence of the
methoxy groups (-OCH3) on C3 and C5 could result in a steric hindrance and
hence, reduce the reactivity of phenolic hydroxyls.
With the knowledge base summarized above, it is thus worthy to elaborate the
effects of pretreatment on the types of hydroxyl groups available in the woody
biomass. The phenolic and aliphatic hydroxyl groups are known to associate with
the method of pretreatment. Alkali pretreatment typically results in higher portion
of aliphatic hydroxyl groups (Wang et al. 2017). Acid pretreatment, on the other
hand, tend to result in more phenolic hydroxyl groups. This is resulted from the
increasingly cleaved β-O-4 linkages (Sun et al. 2016). However, when
condensation reactions occur, this decreases the amount of the available hydroxyl
groups, which could, in addition to the loss of hydroxyl-containing xylan, explain
the lower lap shear strength of the acid-pretreated saccharification residue when
cured with citric acid.
In an attempt to distinguish among hydroxyl groups, Figure 6.6 shows the SSNMR13C

spectra of saccharification residues from alkali-and acid pretreated samples.

Overall, the 112-160 ppm region is attributed to the phenolic groups of guaiacyl
(G) and syringyl (S) lignin. The 60-112 ppm region corresponds to the cellulose
and hemicellulose signals. The signal at 25.1 ppm is associated with the acetyl
group of xylan (Yager et al. 2011). The signal at 156 ppm is due to the etherified
C3 and C5. The methoxy group (-OCH3) in G and S lignin was assigned with the
58.8 ppm signal. The signals identified between 60 ppm and 84 ppm for aliphatic
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carbons of lignin falls in the same region for cellulose/hemicellulose, hence,
potential interference could occur (Chen et al. 2016). It should be noted that a large
portion of the existing acetyl group (of xylan) in the sample was cleaved during the
acid pretreatment. Though the difference in the acetyl intensity (25.1 ppm) is not
directly observed in Figure 6.6, the acetyl cleavage could be inferred from the new
signal at 32.5 ppm. This signal corresponds to the structure (CH2)n (Ogura et al.
2013) of the aliphatic carboxylic acids resulted from the acid degradation of
furfural, which could exist as a thermal decomposition product of xylan (Jönsson
and Martín 2016). The different types of hydroxyl groups, however, could not be
distinguishable from the SSNMR-13C spectra in this study due to limited spectral
resolution of the solid-state, as opposed to solution-state technique.

Acid-pretreated saccharification
residue
Alkali-pretreated saccharification
residue

151

86.1

120-140

Figure 6.6: SSNMR-13C of saccharified alkali-pretreated residue and acidpretreated residue.
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Lignin condensation in acid pretreatment can be verified from the SSNMR-13C
spectra. Referring back to Figure 6.6, a signal corresponding to non-etherified G3,
S3, and S5 (151 ppm) was observed for the saccharified residues from acid
pretreatment. This indicates that the β-O-4 linkages in lignin was partial cleaved
during acid pretreatment. This observation was further supported by the
disappearance of the 86.1 ppm signal which as reported by Wang et al. (2017), is
associated with β-O-4. Other published studies have detected the disappearance
of additional signals (also corresponding to β-O-4) such as 60.2 and 72.4 ppm.
The broken fragments of lignin could condense (e.g. via β-β) (Wang et al. 2016) to
form a condensed lignin structure. Indeed, the region between 120 ppm and 140
ppm in Figure 6.6 shows a higher intensity in the acid-pretreated residue as
opposed to the alkali-pretreated residue. Similar signal assignments, for instance,
at 128 ppm (Cristescu and Karlsson 2013) or the 125-141 ppm region (Holtman et
al. 2006) were also reported to relate to condensed lignin.
Lignin condensation in wood bonding cured with citric acid.

Apart from hydrogen bonding, which is widely known in the bonding of wood and
other lignocellulosic materials, the phenomenon of self-bonding involving covalent
bonds could also be induced by hot-pressing. One mechanism proposed for selfbonding is the condensation reaction of lignin with furfural derivatives (Okuda et
al. 2006; Suzuki et al. 1998) from the thermal (or acid) degradation of cellulose or
hemicelluloses (Tshabalala et al. 2012). Furfural had been shown to act as a
crosslinker which connects the lignin units together via condensation reactions
(Dongre et al. 2015).
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SSNMR-13C studies were conducted to examine if lignin condensation occurred
during the hot-pressing of saccharification residues with citric acid (Figure 6.7). In
general, hot-pressing for 5 and 15 min resulted in additional peaks distinctive of
citric acid backbone and carbonyl group. The 175 ppm signal is assigned to the
carboxylic group of the acid. This is agreeable with the literature which reported a
chemical shift of 173.28 ppm and 176.57 ppm, respectively, for the COOH
attached at the end and the middle of the citric acid backbone (Yin et al. 2002).
The 175 ppm signal observed in the present study could also be due to the
carbonyl group of the ester in the crosslinked (cured) adhesive. More interestingly,
an upward trend in the intensity of the non-etherified signal (151 ppm) was
observed after 5-min hot-pressing with citric acid. The intensity of this signal was
further increased when hot-pressing for 15 min. As previously discussed, the
presence of non-etherified structure signifies broken lignin fragments, which could
bond to form a condensed lignin structure (Dongre et al. 2015). The combination
of the broken fragments was further verified by the new shoulder appearing at 130
ppm in the 5- and 15-min samples, which corresponds to β-5 and 5-5 coupling
between units of lignin (Basso et al. 2017).
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Un-pressed saccharification residue
Saccharification residue hot-pressed 5-min
Saccharification residue hot-pressed 15-min

175
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Figure 6.7: SSNMR-13C of enzymatically saccharified residues from alkali
pretreatment: Un-pressed, hot-pressed with citric acid for 5 and 15 min.
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SUMMARY
Conductometric titration conducted at two separate stages (without and with
protonation) showed that about two-third of the COOH in the citric acid were
involved in the esterification reactions, with the remaining one-third of COOH
stayed unattached. This observation supports the mechanism that the reactions
occur via cyclic anhydride intermediates.
The availability of hydroxyl groups played an important role in the reaction with
citric acid. Alkali pretreated saccharification residue was found to contain more
hydroxyl groups. This supports its higher lap shear strength compared to the acidpretreated residue, when used with citric acid for wood bonding. The higher
availability of hydroxyl groups in the alkali-pretreated samples was thought to be
due to the relatively higher presence of xylan. Acid-pretreated samples, on the
other hand, had a higher portion of lignin, however, this lignin is likely to undergo
condensation reactions which reduces the available reaction sites.
SSNMR-13C verified the breakage of ether bonds in the lignin structure upon hotpressing with citric acid in the alkali pretreated samples. The spectra also showed
that the broken fragments combined together to form a condensed lignin structure.
Findings from this chapter are essential in elucidating the reaction mechanisms of
saccharification residue with citric acid. This chapter also demonstrates the heatinduced chemical changes in the saccharification residue; the information could be
applicable to its thermal conversion for applications other than adhesives.
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CHAPTER SEVEN
HYDROLYSIS AND THERMAL STABILITY
BACKGROUND
Ester bonds, as in the case of citric acid crosslinked bonding of wood, could be
reversed through hydrolysis, thus leading to possibilities of bond strength
deterioration. Generally, the formed esters are susceptible to hydrolysis under acid
or base conditions. However, the hydrolysis could also take place under neutral
conditions (Begum 2001; da Silva et al. 2013) (Figure 7.1). In a typical reaction,
the hydrolysis of ester bonds results in carboxylic acid, alcohol and a small
molecule that is usually water. This occurs through the nucleophilic attack of water
at the ester carbon (Aulton and Taylor 2013).

Figure 7.1. Ester hydrolysis under neutral conditions (TS: transition state)
(Reproduced from da Silva et al. 2013 with permission)
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The thermal stability of esters is also critical as it reflects the performance and
durability of the end product. This characteristic is usually examined from data of
thermogravimetric analysis (TGA). Using lignin esterified with long-chain fatty
acids (Gordobil et al. 2016) as an example, two degradation steps were noted
within a temperature range between ambient and 400 oC. The two steps were
attributed to the cleavage of C-O bond (200 oC) and the loss of the long aliphatic
chain (350-400 oC). In another example, esterifying microcrystalline cellulose with
trifluoroacetic anhydride and stearic acid was found to increase the thermal
stability (and hydrophobicity) of the resulted cellulose tri-stearate (Huang 2012).
The enhanced stability was attributed to the regular arrangement of the long fatty
ester groups on the cellulose backbone.
In this chapter, the stability of the saccharification residue crosslinked via
esterification reaction will be discussed. Test results to be examined include the
lap shear strength of wood bonded with saccharification residue and citric acid
under

different

hydrolytic

(soaking)

conditions

in

neutral

(uncatalyzed)

environments. Furthermore, the thermal stability and thermal decomposition of the
crosslinked saccharification residue will be elaborated based on results of
thermogravimetric analysis.

95

RESULTS AND DISCUSSION
Hydrolytic degradation of ester bonds and lap shear strength

Hydrolysis of ester bonds was evaluated by soaking the test samples in water, and
monitored for their changes in the relative amount of ester linkages and lap shear
strength. The relative amount of ester linkages was measured from the cured
adhesive (crosslinked residue) without wood substrates to minimize interferences
from additional variables. The amount was quantified by taking the FTIR intensity
ratio between the 1735 cm-1 and 1505 cm-1 bands (Kline et al. 2010; Lin and Dence
1992). The intensity ratio decreased as a function of soaking time (Figure 7.2),
indicating hydrolysis (rupture) of the ester bonds. The strength of wood bonding,
indicated by the shear strength of the wood lap joints, also in the most part became
lower after soaking (Figure 7.2).
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Figure 7.2: Effect of soaking time on the relative amount of ester bonds and the
wet lap shear strength. (Pressing temperature: 180 oC; pressing time: 5 min;
soaking temperature: 25 oC).

The decrease in the relative amount of ester was drastic (from 1.5 to 0.8) after the
first hour of soaking (Figure 7.2). This decrease was accompanied by the reduction
in lap shear strength (from 7.6 MPa to 6.3 MPa), signifying a weakened wood
adhesion. From 1-h to 6-h soaking, a further drop is observed in the relative
amount of ester (to 0.6) and lap shear strength (to 5.9 MPa). The reduction in the
amount of ester became gradual as the soaking time increased further up to 48 h.
Quite differently, the decreased bond strength (5.2 MPa) of the lap joints at 24-h
soaking remained unchanged upon longer soaking (48 h), despite the decreased
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amount of ester. This suggests the possible roles of non-ester bonding. One such
bonding could be from the hot-pressing-induced condensation of lignin in the
bondline, as proven in Chapter 6. Lignin condensation is possible under acidic
conditions in the presence of furfural derived from the (thermal) breakdown of xylan
(Binder et al. 2010; Dongre et al. 2015).

Figure 7.3 verifies the relation between the amount of ester and the wet shear
strength of the wood lap joints. This relation can be described by a linear
regression equation with a coefficient of determination of 0.92. It is now apparent
that longer soaking time (particularly the first 24h) resulted in an increasingly
deteriorated amount of ester bonds, and in turn, affected the wet bond strength
(Figure 7.2). Another contributing factor for the decreased bond strength due to
soaking is expectedly the ruptured hydrogen bonding in the wood joints.
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Figure 7.3: The change in wet lap shear strength as a function of the ester amount.

Hydrolytic resistance of wood joints: Contributions of ester linkages and
other bonds (an inference)

Though ester linkages are susceptible to hydrolytic cleavages, their contribution to
the hydrolytic resistance of wood joints is still critical. To demonstrate this, the lap
shear strength of wood bonded (hot-pressed for 5 min) with saccharification
residues in the presence or absence of citric acid was compared at similar soaking
durations (Figure 7.4). Without citric acid (no ester linkages), any deteriorated bond
strength upon soaking is expectedly due to the rupture of hydrogen bonds in the
lap joints. The lap shear strength dropped from 2.6 MPa to 1.8 MPa as the soaking
time increased from 1 h to 6 h. This initial drop is steeper (more drastic) than that
of samples crosslinked with citric-acid, implying that hydrogen bonds are more
easily ruptured than ester bonds upon soaking.
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Figure 7.4: A comparison of wet lap shear strength of bonded substrates with and
without citric acid at different soaking times (curing time: 5 min).

Referring back to Figure 7.4, the lap shear strength stopped declining further as
the substrates bonded without citric acid were soaked longer than 6 h. This is
possibly due to the contributions of residual hydrogen bonds (those less accessible
to water ingress) or/and other interactions such as lignin condensation (to examine
later) that took place during bond formation (hot-pressing). This wet bond strength
became stabilized earlier (6 h vs 24 h) than the case for citric acid crosslinking
attributable to the then ongoing cleavages of ester bonds for the latter. Overall, the
vertical difference (or gap) between the two curves in Figure 7.4 represents the
contribution of ester linkages to the wet bond strength. This contribution is
significant, considering that it (based on the gap) constitutes 60-70% of the wet
shear strength of lap joints crosslinked with citric acid.
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Since hydrolytically stable bonds of a number of origins could be responsible for
the residual shear strength of the lap joints at prolonged soaking (24-48 h), the
development of such bonds during curing or hot-pressing is of subsequent interest.
For this purpose, lap joints bonded with saccharification residues with or without
citric acid during hot-pressing were prepared and tested after soaking for 24 h (i.e.,
till no further decline in wet bond strength). By comparing between the two cases,
further information can be surmised of the formation of ester linkages pertaining to
the development of hydrolytically stable wood joints.
Results show that hydrolytically stable joints developed, within a short hot-pressing
time, to a greater extent in the presence of citric acid. The 24-h wet shear strength
doubled (from 2.5 MPa to 5.2 MPa) in citric acid bonding when the hot-pressing
time was increased from 3 min to 5 min (Figure 7.5). For the same increment in
pressing time, the wet bond strength was tripled (from 0.58 MPa to 1.7 MPa) in
bonding without citric acid; the strength value (1.7 MPa) achieved, however, is only
one-third compared to the case of citric acid bonding (5.2 MPa), which evidently
develops at a faster rate (steeper curve). It follows that wood joints of higher
hydrolytic resistance are developed within a brief 5-min curing as a result of ester
linkage formation (crosslinking). This indicates that the hydrolytically stable joints
had been optimally developed within 5-min hot-pressing. As the hot-pressing time
was extended from 5 min to 15 min, no further changes were evident based on the
overlaps of error bars, meaning that the subtle trends in both cases cannot be
verified due to data variability.
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Figure 7.5: Effect of curing time on wet lap shear strength for crosslinked and
uncrosslinked samples soaked for 24 hours.
Further elaborations could be made by comparing the retention of wet shear
strength of the lap joints bonded with or without citric acid crosslinking. The bond
strength retention was inferred from the magnitude of decrease (expressed in
percent) in lap shear strength in wet (24-h soaking) compared to dry conditions.
The retention was then related to the development of hydrolytically stable bonds
(crosslinking) induced by hot-pressing.
Figure 7.6 shows that the hydrolytic degradation of lap joints bonded with citric
acid decreased from 60% to 26% as the hot-pressing time was increased from 3
min to 5 min. The increased bond strength retention indicates the development of
hydrolytically stable bonds attributable to the formation of ester linkages, which led
to crosslinking. Interestingly, curing (hot-pressing) with citric acid for 10 min and
15 min resulted in an increasingly higher wet strength retention (narrower
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difference between dry and wet) despite the thermal decomposition of ester
linkages reported in Chapter 5. In this regard, it is postulated that the thermally
induced loss in ester bonds were compensated by the formation of other, more
hydrolytically stable covalent bonds, such as lignin condensation as revealed from
SSNMR-13C studies discussed in Chapter 6.
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Figure 7.6: Effect of curing time on wet lap shear strength (Soaking time: 24 h).

Figure 7.6 also shows that for lap joints bonded without citric acid, the loss in shear
strength (due to 24-h soaking) was remained large (first 89% and then 60-65%)
despite the increased (hot-pressing) time and thermal energy allowed for bond
formation. This signifies the consistent hydrolytic rupture of hydrogen bonds, the
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primary bonding expected in the lap joints. It also suggests the lack of lignin
condensation derived covalent bonds which would otherwise impart some extent
of hydrolytic stability.
To verify the presence (or absence) of lignin condensation, the SSNMR-13C
spectra of hot-pressed and un-pressed saccharification residues were compared
(Figure 7.7). Between un-pressed, and hotpressed samples (either 5- or 15-min
pressing), no change was observed for the 151 ppm signal (non-etherified G3, S3,
and S5), 86.1 ppm signal (β-O-4), and the 120-140 ppm region (condensed lignin).
This suggests no lignin condensation induced by hot-pressing. There is, however,
a decrease in the acetyl group of hemicellulose signal (25.1 ppm) after hotpressing. This signifies a deacetylation reaction taking place upon hot-pressing.
However, the implication of this reaction to wood bonding is uncertain. It is
nevertheless sufficed to conclude that, without citric acid, no lignin condensation
is evident in the saccharification residues. This conclusion also suggests the
possible role of the ester bonds (or citric acid) degraded products (more in 15-min
than 5-min pressing) that catalyze lignin condensation in the bonding of wood with
citric acid. This conclusion is an extended finding from the SSNMR-13C studies
reported in Chapter 6.
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Un-pressed saccharification residue
Saccharification residue hot-pressed for 5 min (without citric acid)
Saccharification residue hot-pressed for 15 min (without citric acid)

151 ppm

Figure 7.7: Enzymatically saccharification residues without citric acid: Un-pressed,
pressed for 5 min and 15 min.

Thermal degradation of crosslinked adhesive

Figure 7.8a shows the thermal decomposition profile of adhesives (saccharification
residues) pre-cured at various temperature without the wood substrate. As
demonstrated in Chapter 5, the weight loss that begins at about 170

oC

corresponds to the rupture of C-O bonds in esters (R-COO-R’) overlaid with the
degradation profile of excess citric acid which contains carboxylic acid group (RCOOH). The steep decline generally observed from 230 oC to 346 oC is associated
with the decomposition of hemicelluloses and cellulose (Singh et al. 2013, 2015).
Also, a gradual degradation from 340 oC to 550 oC is a characteristic of the thermal
decomposition of lignin.
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The derivative thermogravimetric (DTG) peak above 400 oC, which is mostly
contributed by lignin degradation, is noted to shift with crosslinking (Figure 7.8b).
Compared to uncrosslinked sample, the peak increasingly shifts to a higher
temperature as the sample was crosslinked at 120 oC and 150 oC, after which
(180 oC and 210 oC) no further shift was observed (Table 7.1). This increase in
degradation temperature might be due to the increased molecular weight of lignin
as crosslinking increases (with temperature up to 150 oC).
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Figure 7.8: Thermogravimetric TG (a) and derivative thermogravimetric DTG (b) of
residue crosslinked at four different temperatures.

Table 7.1: The shift in temperature of the lignin degradation as a function of
crosslinking temperature.
Crosslinking
temperature (oC)

Peak start
(oC)

Peak end
(oC)

180 (uncrosslinked)

431

538

120

438

621

150

449

642

180

445

646

210

448

643
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Supporting the above inference about lignin molecular weight is the DTG peak of
citric acid-crosslinked saccharification residues from acid (H2SO4) pretreatment.
The degradation (Figure 7.9) in the region begins at a significantly higher
temperature (480 oC versus 445 oC) compared to the citric acid-cured adhesive
(saccharification residues) derived from alkaline pretreatment. As acid treatment
is known to cause lignin condensation, the bigger and more stable structure is
thought to be responsible for the higher decomposition temperature above 400 oC.
This reinforces the earlier statement for Figure 7.8 that a larger extent of citric acid
crosslinking (larger lignin molecular structure) resulted in a higher (lignin)
degradation temperature observed above 400 oC.

Figure 7.9: Thermogravimetric TG (solid line) and derivative thermogravimetric
DTG (dashed line) of crosslinked alkali-pretreated and acid-pretreated residue.
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The time-dependent degradation of the cured adhesive was subsequently
examined to infer the effects of both crosslinking and residual (unreacted)
crosslinker (citric acid) on the thermal stability of the glueline. The isotherm study
at 180 oC shows a weight loss of 12% for crosslinked sample after 10-minute
exposure (Figure 7.10). At 30-minute exposure, the weight loss is 14% of the initial
sample weight. This value, when compared to the 3% weight loss in the
uncrosslinked sample (control), suggests that the (effective) weight loss due to the
combined degradation of ester bonds and residual citric acid would be 11%. On
the other hand, the crosslinked/NaOH-washed sample exhibited a weight loss of
5% at 30-min exposure. This demonstrates that the largest share of the weight
loss observed for the crosslinked (unwashed) sample is attributable to the
degradation of residual (unreacted) citric acid. In other words, out of the effective
weight loss of 11% (at 30-min exposure), 2% (5% minus the 3% control) were
contributed by ester degradation and the remaining 9% were caused by the
degradation of unreacted citric acid.
From weight percent gain studies conducted separately and in duplicates, 100 g
of saccharification residue increases to 116 and 125 g after crosslinking with citric
acid. It reduces to 87g and 92.5 g, respectively, after washing which could be due
to cell-wall polymer removal by sodium hydroxide. That means 120 g of unwashed
treated residue (include unreacted citric acid) contains about 20 g of introduced
species (unreacted citric acid or ester). Stated differently, 100 g of crosslinked
adhesive contains 16.7 g of introduced species (16.7% of total). Thus the 11%
weight lost noted from the isotherm study (for 30-min exposure) is reasonable, and
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can be rationally attributed to the degradation of the introduced species. The result
once again confirms the conclusion made in the earlier chapter about degradation
of ester bonds upon prolonged exposure to the hot-pressing temperature (180 oC).
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Figure 7.10: Isotherm TGA (at 180 oC) of uncrosslinked and crosslinked (washed
and un-washed) samples. Both samples were pre-hot-pressed at 180 oC for 5 min.

To investigate the rate at which the crosslinked adhesive (saccharification residue)
thermally decomposes, a comparative study was conducted using isothermal TGA
data. Figure 7.11 shows the isotherm thermograms of (unwashed) crosslinked
residue at four exposure temperatures for approximately 30 min. It is evident from
the figure that the extent of weight loss increases with the increase of temperature.
For all levels of exposure temperature, no change is observed until 1.6 min; the
thermal degradation began at 1.6 min and continued through 5.2 min, after which

110

the residual weight became stabilized. At the end of the test (at ~30 min), the
remaining weight percent values were 97%, 92%, 85%, and 74%, respectively, for
exposure at 120 oC, 150 oC, 180 oC, and 210 oC. This shows that the thermal
degradation is more severe when the temperature of exposure is higher, especially
if it exceeds 150 oC.
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Figure 7.11: Isotherm TGA of pre-crosslinked residue (at 180 oC) subsequently
exposed isothermally to four temperatures (shown in the legend).
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SUMMARY
This chapter discussed the hydrolysis of ester bonds under neutral conditions and
the thermal stability of the crosslinked residue. The hydrolytic effect on the formed
esters was drastic in the first 6 hours of soaking as the wood bond strength
decreased significantly. The effect became gradual at longer soaking times. The
correlation between the soaking time and the relative amount of ester was
established. This evidently showed the linear effect of soaking time on esters in
the crosslinked residue. Overall, the crosslinked saccharification residue was more
resistant to hydrolysis than the uncrosslinked residue.
The

thermogravimetric

analysis

revealed

information

on

the

thermal

decomposition of the crosslinked and uncrosslinked saccharification residue. The
crosslinked residue exhibited additional degradation steps due to the cleavage of
the C-O bond in both the ester and unreacted citric acid. Comparisons with the
NaOH-washed sample eliminated the influence of the unreacted citric acid.
Furthermore, crosslinked residue showed a higher lignin degradation temperature
than the uncrosslinked sample, suggesting linkages of lignin molecules through
esterification with citric acid.
Overall, findings from this chapter evaluated the hydrolysis and thermal
decomposition of crosslinked residue. This information is essential in determining
the appropriate environment for adhesive applications.
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OVERALL SUMMARY
In this dissertation, the lignin-rich solid residue from bio-alcohol (fermentable
sugars) production was developed into a thermosetting adhesive for wood
bonding. The bond strength evolution, mechanisms, and performance durability of
the bonding were subsequently investigated.
By simply reducing the particle size (increase reaction surface), the wood bond
strength of saccharification residues can attain up to 80% of the commonly used
phenol-formaldehyde (PF) wood adhesive. With citric acid, a bio-based
crosslinker, the dry and wet bond performance of the saccharification residue were
greatly improved to achieve competitive values compared to PF, signifying the
bonding potential for outdoor wood products.
The bond strength of this fully bio-based adhesive can be related to the amount of
ester linkages (crosslinking). Curing longer than the optimum five minutes could
decompose the esters formed, which would deteriorate the strength of the bonded
lap joints. Findings from conductometric titration showed that two-third of the
carboxylic groups of the citric acid were involved in the crosslinking, supporting the
mechanism that esterification reactions occur via formation of cyclic anhydride
intermediates. Additionally, SSNMR-13C results revealed potential condensation of
lignin upon heating with citric acid, which could contribute to the improved retention
of wet bond strength at the time that ester linkages were (thermally) degraded.
SSNMR-13C also verified lignin condensation that takes place during acid
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pretreatment, making the residue of subsequent saccharification less reactive than
that from alkaline pretreatment for bond strength development.
This dissertation contributes to the scientific knowledge of crosslinking the solid
residue of enzymatic saccharification and also provides strategies for converting
the materials for adhesive applications. In a broader sense, this study adds value
and provides a near-term solution for the solid waste stream of cellulosic bioalcohol production. The effective utilization of the lignin-rich residue without further
time- and cost-consuming steps (e.g. purification and modification) would
significantly contribute to the advancement of the valorization activities and
operations. The resulted economic advantage would encourage the pursuit of
more cellulosic-based feedstock and reduce the dependence on food crops in the
production of biofuels.
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