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Abstract

This work addresses biogenic formaldehyde x(@Hgenerated by wood during the
manufacture of nonstructural woodbased composites, from which &M emissions are
regulated.The target for regulation has been anthropogenicQkeleased from hydrolytically
unstable amino resins like urdarmaldehyde. However, current regulations (the
Formaldehyde Standards for Composite Wood Produats signed into law in 2010 and
implemented in 2016)estrict allowable emissions to such low levels that biog&HO may
affect regulation compliancélhe industry haset the latest regulations wit new amino resin
technologies. Nevertheless persistent anecdotal reports suggest that biogen@€HO
complicates regulation compliance. This work represents an industry/university cooperation to
seek a more thorough understanding of bioge@iegO, to begin documentation of biogenic

CHOlevels in wood, and to study the conditions and chemical mechara$mts formation.

Efforts began by establishin@HO analysis using the fluorimetric acetylacetone
determination. A custom ZXfiter chamber with controlled temperature and relative humidity,
I YR & dzf nitidden Jd2N@néilation was created to measui@HO emissions from flakes
sampled from four Virginia pineP{nus virginianp trees. Emissions from nevheated
specimens varied significantly among the four trees, ranging from @29 ny CHO/m?3g dry
wood. Heating (200°C, 1 hour), followed by chamber equilibration, resulted in significantly
increased emissions on the order of 50%. Sequential heating, followed by chamber
equilibration (in other words, heat/equilibrate/measure emission/repeat),uléed in declining
emissions suggesting that a finite chemical sourceCé$O was being depleted by the
sequential heat treatment. Flake specimens were stored in the open laboratory, and @ver 2
months laboratory storage, initially high emitting specimegmnadually emitted les€H0, and
initially low emitters gradually emitted mor€HO. Concerns over laboratory contamination

were perhaps allayed when background levels of laboratoHO were determined to be



similar to the background levels in the ulttje N used to ventilate the chamber.
Measurement of emissions was abandoned, and thereafter a simple water extraction technique
(~ 94%CHO recovery) was used to measure ti@&O content of neverheated and heated

wood specimens, where the difference widentified asCHO generated due to heating.

Increment cores from living Virginia pinRius virginiang yellowpoplar Ciriodendron
tulipifera), and radiata pineRinus radiatq trees were used to measure ghcontentand CHO
generation due to heating200°C, 10 min). Significant variations within and between trees of
the same species were observed. Tissue types (juvenile/mature, heartwood/sapwood)
sometimes correlated to higher @Bl contents and greater heafeneration potential; but
sometimes not depeding upon species. Heating increased@Hlevels 30 fold. Heating with
high moisture levels caused greater ZOHgeneraibn than for dryspecimens. This moisture
effect and a separate serendipitous observation suggested thalOCgeneration is acid
catalzed. Radiata pine generated extraordinarily high@kvels when heated, far exceeding
the othertwo species. It was suggested that pine extractives might catalyz® Geheration,

perhaps in lignin.

Pinus virginianavood was heated (200°C, 10 or 60 mwijile dry or after aqueous/acid
or base pretreatment in order to reveal mechanisms fofmaldehyde CHO) generation.
Among wood structural polymers, lignwas the overwhelming source of biogenic 2OH
consistent with prior reports. fie effects of wood xtractives are mentioned belowThe
selection of acid catalyst strongly affected .OHgeneration as predicted in the acidolysis
literature of lignin model compounds and isolated lignins. Lignin methoxyl cleavage was also
observed, but was considered an ikely source of thermochemical &bl Alkaline
pretreatments suppressed GB generation. Regarding wodxhased composite manufacture,
the implications are that lignin reactions can be manipulated duringpnessing. Potential
benefits include reduced produemissions, and/or novel crosslinking strategies using biogenic
ChOQ.

Heat generation oCHO in Virginia pine and radiata pine was substantially reduced by

extractives removal, but there was no such effect in yelmplar wood. Results suggested that



pine extractives promote&CHO generation by catalyzing or otherwise promoting C2 cleavage
(acidolysis) in lignin. Thioacidolysis demonstrated that pine lignin reactions were strongly
dependent upon the presence or absence of the extractives. When pregem, extractives
seemed to promote C2 cleava@@HO generation), but otherwise reduced the overall extent of
lignin degradation. When pine extractives were removed, lignin suffered substantial
degradation, but apparently less C2 cleavage s{DE® generdion was reduced. In contrast,
thioacidolysis showed that yellepoplar extractives appeared to promote lignin degradation,
but extractives removal had no detectable impact GRO generation. Implications exist for
biorefinery research because it was showhat lignin reactions can be strongly affected by

wood extractives.

Twodimensional, protorcarbon,correlation NMR spectroscopyI2NMR), and solvent
submersion dynamic mechanical analysis (DMA) was used to investigate wood changes caused
by heating inthe presence or abserecof external acid catalysisD2NMR was relatively
insensitive to fine lignin changes that weretelcted using thioacidolysisDPNMR was effective
for observing lignin changes under more extreme heating conditions, and evidendewvas
for lignin crosslinking reactions that probably occurred through substitution into lignin aromatic
rings. DMA showed that most heating conditions caused an increase in the lignin glass
transition temperature (Tg) consistent with heatnduced lignincrosslinking. Under one
experimental condition of wood heating, DMA showed a reduction in the lignin glass transition
temperature (Tg) This suggested that lignin cleavage without subsequent repolymerization
might be promoted by carefully controlled conidms, and this has implications for biorefinery

research where lignin repolymerization can be problematic.

Finally, this work strongly supported the hypothesis that lignin gener@té® through
well-known acidolysis pathways whef@30 is borne from theignin gammamethylol group.
Therefore, it was predicted that upon heating coea mays l.stalk should generate less
CHO than wood because corn stalk lignins exhibit a high degree of coumaric acid esterfication
at the gammamethylol group. This hypothesis was perhaps verifiedvas found that in 4 out
of 6 experimental heating conditions that corn stalk generated significantly G¢$ than

Virginia pine.
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Chapter lintroduction

1.1. Motivation

In 1985, the U.S. Housing and Urban Development Agency enacted the first U.S.
legislation limiting formaldehyde emissions from composite wood products for interior
applications.[1] The industry complied with voluntary product standards that dramatically
reduced indoor formaldehydeexposure from composite wood products. In 2004, the
International Agency for Research on Cancer reclassified formaldehyde from "probably
OF NODAYy23SYyAO0 G2 KdzYryahb G2 bOFINDOAY23ISYyAO G2
Resources Board (CARB) to appr(®@07) an airborne toxic control measure to further reduce
formaldehyde emissions from nonstructural composite wood products, such as particleboard
and medium density fiberboard. Events culminated when in July 2010, President Obama signed
into law SenateBill 1660 establishing the Formaldehyde Standards for Composite Wood
Products Act. This extended the CARB standard to all 50 states, and the U.S. Environmental
Protection Agency (EPA) was charged to implement the regulation by January 1, 2013. While
the ERA delayed implementation, U.S. industiyde compliance was effectively reached in
2012. Finally, on December 12, 2016, EPA published (in the Federal Register) the long awaited
rule to reduce formaldehyde emissions from nonstructural wood composites pestuc
domestically and imported into the U.S. (essentially equivalent to the CARB phase Il action of
2012). The new allowable emission levels vary by product, bulirthits (not to be exceeded)

are in the range of 50 to 100 ppb. Consequerdlgrage emissits must be substantially lower

thereby effecting the most rigorous standard in the world. Intended to reduce emissions from

the adhesive binderthese regulations are complicated by significant and variable natoa

emissions (biogenic formaldehyde).rFexample, Mayer and Boehme demonstrated that solid
wood emits formaldehyde at from 5 to 50% of the new lim[&, 3] depending upon tree
species and wood moisture content. Heretofore native emissions have received little attention,

so they are poorly documented and not well understood.

In 2010, a National Science Foundation, Industry/University Cooperative Research

Cerner called the Wooebased Composites Center (WBC) was established at Virginia Tech. At

1



that time, the WBC industry members pooled funding and initiated research to begin
documentation of biogenic formaldehyde levels in wood, and to study the conditions and
chemical mechanisms of its formation. Since the fall of 2011, this dissertation represents most

2T UKS 2./ Qa o0A23ISYA0 F2NXIfRSKERS NBaSINOKXZ
1.2. Literature Review

1.2.1. Formaldehyde

Formaldehyde is a colorlesBammable gas at room temperature. It is one among a
large group of chemicals called volatile organic compounds (VOCs) that are subject to
regulation in the wooebased composites industry. As the simplest, smallest aldehyde, it is
highly reactive; and tlki is why it is incredibly useful and potentially toxic. At high vapor
pressures, formaldehyde is readily detectable from its distinct, pungent odor that is typically

accompanied by a burning sensation to the eyes, nose and lungs.

Formaldehyde is an impomé substance for many chemical and technical applications.
It is manufactured as a liquid (formalin) or a solid (paraformaldehyde, and theablidiict
hexamethylenetetramine). It is perhaps best known for the synthesis of wood adhesives, such
as ureaformaldehyde (UF) and phen&drmaldehyde (PF) resing4] It is the hydrolytic
instability of UF resins, not PF resins, that leads to the formaldehyde emissions targeted in U.S.

and global regulations.

Formaldehyde (Ci®) is nostly found in the air, outdoors and indooi®, 6] It can be
released into air frommaterials and products made with @B and also from automobile

exhaust7], cigaretteq8], burning wood9, 10] kero®ne[10] and natural gagl1l].

Analytical quantification methods

There are a variety of quantitative analyses for.@Hh biological and environmental
samples, and in commercial products. For analysis in gas fore@ GHypiclly trapped in
water-filled impingers attached to vacuum/pressuagtivated gas lines, whereafter derivatives

are formed to aid quantitation by numerous analytical methods. In 1943, Goldman and Yagoda



drew formaldehydecontaining air through impingers load with sodium bisulfite solution to
form nonvolatile sodium formaldehydeisulfite compounds, which can be titrated with
aqueous iodine[12] In 1956, West and Sen develapthe now widely used chromotropic acid
determination, where in the presence of concentrated sulfuric acid, a deep puiplet
colored compound forms that is quantified colorimetrically (580 nit3] Nash[14] developed

a formaldehyde determination by means of the Hantzsch reaction usingpehtanedione
(acetylacetone or AcAckFigure 1.1. The product diacetyldihydrolutidine (DDL) is fluorescent
and can be quantified by fluorimetry or colorimetry. Theamotropic acid and the AcAc

colorimetric determinations are highly specific, but not perfectly free of interferences.

0] 0]
O o)

0
HsC CHg
HJ\H HgC/U\/U\CH NH; —> || H20

3
HsC” N7 “CHj
H

Figurel.l. Condensation reaction among formaldehyde, acetylacetone (AcAc) and ammonium

to form a fluorescent compound, diacetyldihydrolutidine (DP14]

"2

NH N
HN” 2 HN”
0) NO, H NO,
)J\ — H20
H H
NO2 NO,

2,4-dinitrophenylhydrazine 2,4-dinitrophenylhydrazone

Figurel.2. Reaction between formaldehyde and jtitrophenylhydrazine (DNPH) to form
2,4-dinitrophenylhydrazone[15-17]

Analytical interference is awbed by the 2,4dinitrophenylhydrazine (DNPH) method
which employs chromatographic separation, typically liquid chromatography, Figur¢lh,2.



18] The DNPH method is widely considered as the best, balancing sensitivity and accuracy with

relative ease and expense.

However, in this work the fluorimetric AcAc determination was selected due to advice
from colleagues at the Fraunhofer, Wilhekhauditzinstitut for Wood Research in
Braunschweig, Germany. They showed that the chromatographic DNPH and fluorimetric ACAc
methods are essentially equivalel9] The fluorimetric AcAc method is highly sensitij2g)]
simpler, less costly, and very highly selective because, among the aldehydes, only.@he CH

adduct exhibits significariluorescence[21]

Emission from woo¢based composites and wood

Historically, composite wood products leawot been the sole source of g&Min home
interiors; UFbased insulation is notabl¢22] However, Ubonded composite wood products
occur in a variety of forms, and are remanufactured into many consumer products that have
significantly contributed to indoor CB exposure[23-27] Consequentl, numerous standard
methods are used to measure gHemissions froncomposite wood productsas established
by different countries around the world28] The methods vary in scale and methodology, but
most require carefully controlled temperature, relative humidity, specimen preconditioning,
loading (specimen mass/unit volume of analytical chamber), and sometimes prescribed
ventilation rates. Large environmental chambers are used in the United States (ASTM E1333
2002), Europe (EN 741) and Asia to sample full size composite specimens on the order of 2.5
m in dimension. The principal benefit of such large scale sampling is to accomneoaatons
variations occurring in smaller specimens sampled from a single composite panel. Large
chamber methods are costly and time consuming, therefore requiring considerable
infrastructure.[29] Large and smaller scale chamber methods prescribe ventilation where the
air exiting the chamér is passed through watdilled impingers that collect GB for
subsequent quantification. While certification requirements often demand these ventilated
chamber methods, there are a number of smaller scale methods used for quality control
screening, andwhich may be correlated to ventilated chambers. Desiccator methods are
common as for ASTM D5582, and Japanese standard JIS A1460 and JAS 233, where a prescribed



number of small specimens are placed into a desiccator (~10 liter volume) with a vessel of
water that absorbs emitted Gi&. The CHD released from the test pieces at fixed temperature,
relative humidity and time is absorbed by the water and determined photometricf8Iy
Dramatically different is the perforator method (EN 120), which is widely used in Europe. It is
believed to measure a very important &@ emission characteristic, which is free, extractable
CHO content. Small specimens are boiled in toluene, which condenses and passes through a
water solution that strips Ci from the toluene[31] The flask method measures £MHrelease

from small specimens over water in a closed container at a constant temperature. The flask
method is simple and effective for screening purposes and also particularly suitable for teaching

and demonstration purposef28]

There are generally three @Bl emission sources from wodzhsed composites
manufactured with UF resins: 1) free £LHNot incorporated into the thermoset netwkr(the
Gazfé¢ FTNI Ol A 200ram degradakiah RN thérmokel network, and 3) natural,
biogenic CED from wood. The first and third sources dominate emissions out of theress,
whereafter they decline as a function of temperature, relathumidity, product form, etc. to a
pseudasteadystate emission caused by network hydrolysis. Notably, this hydrolytic instability
and consequential C#D emission still has not caused widespread replacement of this highly
effective and inexpensive resif82, 33]Much research has been devoted to reducing synthetic
(anthropogenic) C#D emission from the resins, principally by rethg the F/U mole ratio and
modifying the formulation,[34-37] and adding C¥D scavengex. [36, 38] Alternative & y-2
addedT 2 NI f RSKeéRS¢ 6b! Cy0 NBaAaAyasx adzOK |a GKz2as
only minor portions of this vast markef39-41] Arguably these alternatives have played a

substantial and contentious role in the regulatory process.

A few studies have been conducted on biogenic@Hevels in woodgconditions
promoting its formation, and the likely chemical sources within wo@j.30, 4244] While

greater detail will appear later, the salient points are summarized as follows:

1) Biogenic CED emissions increase due to wood heating at temperatures as low as

40°C, but prticularly at temperatures around 140°C.



2) CHO emission is tree species and moisture content dependent, and sometimes

tissue type dependent (i.e. juvenile vs. mature tissue).

3) All organic wood components are capable of forming@Mhen heated, but per

unit mass, lignin appears to be most productive.

For this work, it will be helpful to define three type of biogenic.@Hcontent,
generated (generation), and emitted (emission). BiogenigQQidntent is that which is present
naturally in wood, before or after heat treatment, and which is considdred CHO (easily
removed using room temperature water extractiorfd5] This includes G and methylene
glycol adsorbed onto/dissolved into the woody matrix, and also formaldehyde hemiacetals
(hemiformals). Acetals (formals) are not easily removed and are not considered free forms of
CHO. [45, 46]The easily removed free @Bl can all beemitted into the atmosphere (capable
of gaseousmission) particularly at high wood moisture levels; but ODHemits much more
slowly as declining moisture levels promote formation of hemiformpds, 46] Generated
CHO, and CkD generation refers to that which is formed due to heating, minus the,GH
content prior to heating. However, sometimes in this work the existing@Cebntent was very
low, and without serious consequence LHeported agyeneratedincluded the prior existing

content.

1.2.2. Wood cell wall components and relation to gMemission or generation

The chemical composition of wood is complex. The main components of wood are
cellulose, hemicelluloses, lignin, and array of low molecular weight compounds known as
extractives. All of these organic wood components can contribute tgOCgeneration and

emission[42]
Cellulose

Cellulose is generally regarded as the most abundant biopolymedtasth. It has an
extremely wide distribution, ranging from plants, to microorganisms, and even anifdls.

Cellulog is the main component of wood, which comprisess@96 of the dry mass.



Cellulose can be characterized as a linear high molecular weight polymer built up from
DIf dzO2 LR NI y24S dzyAlGad ! yKIURNBEROsHOBKaGes, day theil &

repeating unit i<ellobiose as shown irFigure 1.3.

OH OH OH
OH ° OH ° OH %
HO HO HO
O o O
How > ow " Ow HO OH
OH OH OH
OH OH n OH
Figurel.3. Cellulose structure with cellobiose unit as the repeating unit.
Schafer, M. and Roffael, E. measured the amount @DQidleased from cotton linters,

starch, and glucose after heat treatments at 40°C, 100°C, and 150°C for 3 hours using the flask
method, Table 1.142]

Tablel.1. Formaldehyde release from cotton linter, starch and glucose after heat treatments at

40°C, 100°C, and 150°C for 3 hours, measured by the Flas&dnet?)

Chh o6>3«kx3 aly

Samples
40°C 100°C 150°C
Cotton linter 1.0 2.1 5.1
Starch N.D 0.6 0.8
Glucose N.D 2.0 4.1

Hemicelluloses

In addition to cellulose, a variety of hemicelluloses, are present in wood, and other plant
tissues.Unlike cellulose, the hemicelluloses are heteropolysacchrides that may contain a variety
of sugar units, principally -Blucose, Exylose, Bmannose, tarabinose, Byalactose, and -©O-
methylD-glucuronic acid.[48] Compared to cellulose, hemicelluloses have shorter chains
(degee of polymerization < 200) often with monosaccharide brancfé®] Typically, wood
composes 2685% hemicellulose by dry mag4d8] The simplest hemicellulose nomenclature

refers to the principal backbone sugars. For instance, glucuronoxylans have backbones



composed of xylose and are simply meézl to as xylans. Galactoglucomannans have

backbones made from glucose and mannose, and are simply referred to as glucomannans.

Softwoods and hardwoods both contain xylans and glucomannans, but in different
ratios and with different degrees of branchimgd acetylatiorf49] In hardwoods, the xylans
predominate, and are typically highly acetylated. Glucomannans predominate in softwoods,
with no branching and no acetylation. Hardwoods usually contain more acetyl groups than
softwoods. For example, in paper birch (hardwood)réhare 6 or 7 acetyl groups substituted
on every 10 xylose unit§50] The QGacetyl groups in hemicelluloses play an important role in
thermal stability.[51] Hemicelluloses experience deacetylation to form acetic acid under heat
treatments. And the acetic acid is believed to promote more degradation not only in
polysaccharide$52, 53] but also in lignin[54], and this probably impacts @bl generation

during heat treatments.

Schafer, M. and Roffael, E. measured the amount of formaldehyde release from pure
galactose, arabinose, and xylose after hegatments at 40°C, 100°C, and 150°C for 3 hours

using flask method, as shown in Table 142]

Tablel.2. Formaldehyde release from pure galactose, arabinosesgyafter heat treatments
at 40°C, 100°C, and 1%Dfor 3 hoursmeasured by the Flask methdd 2]

Chh o6>3k3 al YL

Sample
40°C 100°C 150°C
Galactose N.D 1.1 4.7
Arabinose 0.2 1.7 11.9
Xylose N.D 1.7 12.7

Lignin

Lignin is the second abundant polymeric organic substance in the plant world next to
cellulose. It is a complex polymer resulting from coupling chydroxyphenylpropanoids

principally coniferyl (G), sinapyl (S) ang&qumaryl (H) alcohols, Figure 1[85] The mos$
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1.5.[56,57]! Y2y 3 (i KS & $4is thgrhokt Feéjdedt. Functional groups that infice

the lignin reactivity include methoxyl, phenolic hydroxyl, aliphatic hydroxyl, benzyl alcohol,
noncyclic benzyl ether and carbonyl groups. The lignin polymer is formed by combinkkerial

phenolic coupling reactions, via radicals generated by peawethO,, under simple chemical

control where monolignols react endwise with the growing polynjg8] Figure 1.6 depicts a

simplified structure for softwood lignif58]

OH OH OH
. . .
OMe MeO OMe
OH OH OH

coniferyl sinapyl p-coumaryl
alcohol alcohol alcohol

Figurel.4. Lignin monomers, coniferyl alcohol (G), sinapyl alcohol (S), aodmaryl alcohol
(H).[53]

OH

HO
HO
O
OMe
OMe
OH OH

b-O-4 b-5 (a-0-4) b-b
b-ether phenylcoumarin pinoresinol

Figure 1.5. G-unit lignin dimers depicting the most common intermonomer linkages in lignin.

[56, 57]



Lignin bonds with cellulose microfibrils, and crosslinks with other cell wall components,
thereby stiffening and fortifying secondary cell walls within xylem tis§8€s51] Lignin made it
possible for plants to adapt to dignd conditions, resisting ultraviolet radiation, macend
microbiological competition, and growing to sometimes enormous dimensi@#.On the
other hand, the evolutionary success of lignin restricts access to cellulose via enzymatic
hydrolysis[63] and pulping[64-66], and results in the recalcitrance that is the principal barrier

to lignocellulosic biorefineries.

OH OH

Figurel.6. Simplified representation of a softwood lignin segment, adapted from R{gh.

Unlike cellulose or hemicelluloses, lignin exhibits significant variation among different
plant species, and different parts of the same plant, all of which also vary under changing
growth conditions[67-70] Typically, woods contain 240% lignin by dry mass, whereas aquatic
and herbaceous angiosperms as well as many rootytedons are less lignifiei70] Lignins
can be divided into two major groups: guaiacyl lignins (G lignins) and gusyaicgy! lignins
(GS lignins). G lignins are principally composed by coniferyl alcohol wAslég@ins contain a

varying composition of guaiacyl and syringyl uréisgd small amount of ggoumaryl (H) units.
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Most lignins in softwoods are G lignins, while hardwoods hagelignins[71] For grass lignins,

all three monomers are present with much higher amount of H units than in tree ligiits.

All organic wood components are capable of generatingOCHut lignin appears to be
the major source[42] According to Schafer and Roffael, upon heating lignin seems to have a
higher CHO emission potential than the polysaccharidg2] Due to the acidic nature of most
woods, in situ lignin thermochemistry might be described by the classic lignin acidolysis
literature. [72-79] Extensive acidolysis studies on lignin model compounds and isolated lignins
AYRAOI GCGn UFKyBRdonds are capable of generating Z2OHthrough similar reaction
YSOKIyAaviazt y RRAEFSa OFyy20Z[7LX3FAMINE MPT | YR CA:

é@(ﬁ@ O <. O

OMe hydroly5|s

OMe

B -0-4 benzyl carbocation " styryl ether homovanillin

Figure 1.7. C2 NX'I f RSK@ RS 3ISySNJI (A 2304 st@dukeluyderda¥idict N2 Y
condition.[72]

[ A 3yoay i ys5Rtructures containing free phenolic groups (lignin chain ends) are
also capable of generating &M under baecatalyzed conditions, Figure 1.§81, 82] In
comparison, acitatalyzed CD generation (as depicted in Figures 1.7 and 1.8) could occur all

along the length of the lignin chain.

Under certain conditions, lignin can also react with formaldehy8aidies of the
formation of formaldéyde from lignin during acidolysis suggested that the liberated
formaldehyde was partly consumed by substituting into aromatic rings to form
diphenylmethane structures[74] For spruce Bjorkman lignins, the yield of formaldehyde

through acidolysis decreased with increasing lignin conceptmain the reaction mixture. A
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plausible explanation was that formaldehyde liberated was consumed by reaction with lignin.

[72]

Pt

O CH,0
OMe OMe O\V OMe Me
. o— i+ OH H* CH OH
\,” i
oM oM OMe

B-5 benzyl carbocation stilbene

Figurel.8. Faemaldehyde generation mechanisimiNR Y  £5istugture/under acidic

CH,0
Z2 )
Me HO OMe
OMe
o

condition.[80]

H HO
B-0-4 Quinone methide styryl ether
H
O S
o OMe o OMe HE
Zo HO OH o CH o
OMe OMe ] OMe
0:"\ (0 (o)
H HO
B-5 Quinone methide stilbene

Figurel9.C2 N | f RSK&@ RS 3ISySNJI (A 20M YSERRKkcyrdsauntdar FNB Y f
basic condition[81, 82]
During Kraft pulping or under thermal treatment, it is known that lignin undergoes

extensive condensation to form highly stable carlambon linkages; and this might include

the diphenylmethane structures mentioned abo83] This was suggested on the basis of
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model compound experiments and structural analysis of the residual lignin in Kraft pulp by the
nuclear exchange degradation techniqy@4] 13C NMR and 31P NMR spectra of Kraft lignins
also proved the existence of diphenylmethane moieties of thetb5 type.[85-87] Howeve,

the use of the more diagnostic 2D NMR (HMQC: Heteronuclear Multiple Quantum Coherence)

techniques in lignin structural investigations did not dete«Z#-5 moieties.[88]
Extractives

Tablel.3. Classification of organic extractives in woo@g]

Aliphatic and alicyclic _
Phenolic compounds Other compounds

compounds

Simple phenols Sugars

Terpenes and terpenoids Stilbenes Cyclitols
Lignans Tropolones
Isoflavones Amino acids

Esters of fatty acids

Condensed tannins Alkaloids
Fatty acids and alcohols Flavonoids Coumarins

Alkanes Hydrolyzable tannins Quinones

Wood also contains a broad variety of nonstructural compounds that can be extracted
from wood using polar and nepolar solvents. Extractives include resin acids, fats, waxes,
terpenes, phenolic compounds, certain carboxyhydrates and some inorgansc [S8lt 91]

Table 1.389] summarizes a typical classification of organic extractives in woods.

Among these extractives, some are neutral, while others are weakly acidic, which
partially contribute to the weak acidity of most woods. Additionally, acetyl groups and uronic
acid residues linked to polyoses are also responsible for the wood acidityrof species[92]

Acidic extractives including resin acids and fatty acids, have a pKa aré&ymwdych is the same
range of wood acidity. Figure 1.10 lists several examples of resin acids and fatty acids. Abietic

acid, neoabietic acidral levopimaric acid are common resin aci@] They all have the same
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skeleton, three fused rings with the empirical formulalBsCOOH[90] As for the fatty acids,
they are carboxylic acids with a long aliphatic tail (chain), either saturated (i.e. palmitic acid) or

unsaturated (i.e. olie acid)[90]

Exractives usually constitute less than 10% of the dry weight of normal wood of species
that grow in temperateclimates while tropical woods may have as much as 2(93]
Extractives species and contents vary dramatically depending on plant species. Even for the
same species, they can differ as a functiongobwing conditions. Also extractives from
different sampling sites within the same tree can exhibit huge differeni@H.Most of the

extractives are located in the ray tracheid and vessel, and phenolic compounds are
accumulated in the heartwood90]

E " COOH " COOH E " COOH

Abietic acid Neoabietic acid Levopimaric acid

/\/WW\/\/COOH

Palmitic acid

NN NSNS POOH
Oleic acid
Figurel.10. Example of resin acids and fatty acif@g]

The existence of extractives often influences the reproducibility and accuracy of various
analyses, such as the compositional analysis. To exclude the effect from extractives, extraction
is performed before further analysis. There are many extraction stedg] which typically
involve different solvent systems, temperatures and pressuU@s. Extraction solgnt systems
may contain just one solvent, or a combination of several solvg@€.Also, the criteriafor
selecting solvent systems relate to the experimental objective, and the biomass type. There is
no single solvent system, which is good for every aspect. Dichloromethane is relatively nonpolar
and is able to extract fats, resins, oils, sterols, angdaes; ethanol/benzene is more polar and

extracts most of the ethesolubles plus most of the organic materials insoluble in water; hot
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water extracts some inorganic salts and low molecular weight polysaccharides including gums
and starcheg90, 9799]

The content of extractives decreases duringrage of the wood specimens, and free
lipophilic fats, fatty and resin acids, and sterols decrease enormdusl9, 101]Researchers
found that with increasig storage time, the spruce and pine wood particles emit less
formaldehyde than nosstored wood.[30] Correlation between these two observations may be

made.

Due to their complexity, extractives may play multiple roles regardingdGi¢neration
in wood. They might participate in lignin catalysig,02] or upon heating might directly
generate CED; [42] or the extractives might reduce emissions by reacting with (scavenging)
CHO. [103-108] Schafer and Roffael used the flask method to measurgOQidlease from
unextracted and extracted wals at different temperatures. The results revealed extracted
chips released significantly lower amounts of formaldehyde comparing to unextracted chips.
[42] Furthermore, saturated fatty acids generated only minute quantities, whereas abietic acid
(resin acid) released much higher amounts of formaldehyde. Schafer and Roffael also found
pine formed more formaldehyde than spruce, which may due to the catalytic effect from
extractives in pine, especially higher amount of resin a¢itis, 94]as will be discussed in later

chapters.

1.2.3. Heat treatment of wood

Wood is an incredibly versatile material, that has and continues to provide critical
societal value. However, due to its hggcopic nature, wood has some undesirable properties,
such as poor resistance against biological attack, and water swelling/shrink&$g.These
disadvantages limit the outdoor use of woodidha variety of strategies have been studied to
overcome these problems. Most common have been chemical treatments, and these typically
involve chemicals and chemical emissions that present other technical and societal concerns.
[110-112] In recent years, wood thermal treatments that reduce hydrophilicity have been
identified as a possible alternative to traditional chemical treatmeft4.3-115] These heat

treatments occur in the range of 160°C to 260°C, often under anaerobic cond[tide$These
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treatments thermally degrade wood and reduce its equilibrium moisture contgrit7] and

some of the degradative reactions are generally related to biogeni®© Geheration.

Wood heat treatments generally improve dimensional stability, durability, and
resistance to biodegradatiorj113] However depending upon the treatment severity, stiffness
and strength are compromised, particularly strengthl3, 117]Extensive studies have been
conducted to investigate mass loss, surface chemistry, color change, and chemical
transformation.[118, 119]Hemicelluloses r@ subject to degradation[120, 121]and this is
accompanied by the formation of volatileghcluding acetic acid, that may catalyze further
degradation in polysaccharides and lign[b2-54] Wood thermal treatments may impact
cellulose crystallinity83, 122] and of course the matrix within which the cellulose fibrils occur.
[123-125] Consequently, lignin degradation occur§/8, 79, 126] and this includes
demethoxylation which could lead to crosslinking within lignin and with the polysaccharides.
[83, 126129]

Under relatively mild heating conditions (~25°200°C) it has often been reported that
hemicelluloses are the least thermally stable polymers in wood, and that lignin is substantially
more stable.[117, 127, 13@L35] According to Ramiah, M. Y136], the decomposition
temperature was found to increase from 117°C to 170°C in the order of
hemicelluloses<lignin<cellulose However, these conclusions were based upon the
determination of acid insoluble lignin (Klasomlig, which is a crude analysis that does not
reveal subtle changes in lignin structure. Preferred methods for assessing the thermal stability
of in situ lignin are the lignin monomer analyses such as thioacidd¥8i& 138] and
Derivatization Followed by Reductive Cleavage (DRR@) For example, thioacidolysis shows
0 KI G fawl=iiér Yonds undergo substantial cleavage and repolymerization at heating

conditions that effect ttle or no change in the hemicellulos¢$27, 140, 141]

1.2.4. Analytical methods

Compositional analyses

There are lots of different methods for compositional analysis, varying in biomass

particle size, sample amount, acid concentration, hydrolysis temperature, or sugar detection
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methods.[142, 143] In this project, the standard NREL procedure: Determination ofctiral
Carbohydrates and Lignin in Biomass (NRERIDRI2618) was used for compositional analysis.
Soxhlet extraction is performed to remove extractives: 1) a single 95% ethanol extraction is
enough for wood specimens, including softwoods and hardwoopdanZextra water extraction

step is needed before the sequential 95% ethanol extraction for biomass, like corn stover,
having significant amounts of water soluble materials. Afterwards 72% sulfuric acid is used to
hydrolyze the dry extractiveBee biomassL}2 ¢ RSNJ é6dnne/ 0> F2ff26SR
hydrolysis at lower acid concentration (4%) and higher temperature (120°C). Acid insoluble
lignin is filtered and measured gravimetrically after being oven dried at 105°C for at least 4
hours, while the solublednin content is measured using YWAs spectroscopy. After the two

step acid hydrolysis, polysaccharides are hydrolyzed into sugar monomers, which can be
guantified using High Performance Liquid Chromatography (HPLC) or lon Chromatography (IC).
[144]

Acidolysis

| OAR2f@aAa Aa | 02YY2y YS i K®4Rinkapes by lgbkifge 1 S d:
into the degraded monomeric productg.2-79] Efforts also devoted to look into lemolecular
gSAIAKG fAIYAY | OAR2t&aAa  LINRRdAzO@assd f-3R & d N

glyceraldehyde2-aryl ether, 2aryl ether, 2aryloxypropiophenone, ciramaldehyde, cinnamic

acid, benzaldehyde, benzoic acid, and quinonoid types were identified @dpComparing to
thioacidolysis, the yield of this method is lower probably due to incomplete ether linkage
cleavage, but the obvious advantage is that this method does not involve smelly aelleeand

the reaction conditions are milder and simplg€t45] The acidolysis reaction condition is quite

simple, which involves sample refluxing in 82% dioxane aqueous solution with 0.2 M HCI as
catalyst for 4 h. Based on extensive acidolysis literature studies on lignin model compounds and
Aaz2fFGSR fAIYAY &l YLI Sac4 ubitkis acdsis S Shavehyh FiguteK S Y S
1.11 [72-79] There are two welkestablished pathways, C2 cleavage and C3 cleavageCand

Oft SI @3S A& GKS R2 YDA lagidlysidaR dléavatedproduges SRy Ay |
LIKSyefl OSilIt RSK&RS RSNAGIGAGBSET FyR I FNBS LXKS

ketones and a free phenol.
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OMe C3 cleavage
———
fo ’/ O
-O- b | carbocati
B 0-4 enzyl carbocation OMe
OMe

styryl ether Hibbert's ketone

Figure 1.11. Acidolysis reaction scheme for lignji2-79]

Like most woods, Virginia pine is naturally acidic and in situ lignin thermochemistry
might be described by the classic lignin acidolysis literature. Based on acidolysis studies on
lignin models and isolated lignins, the relative occurrence of these pathwapends upon the
nature of the acid catalys{75, 76]This suggests that @B formation in whole wood could be

manipulated by the selection of external acid catalyst, asbeililiscussed in later chapters.

Thioacidolysis and desulfuration reaction

Thioacidolysis has been proven to be an extremely useful tool for characterizing and
identifying structural components in lignifil37] Lapierre et a[137] investigated this reaction
with appropriate lignin modetompounds and isolated lignins, Figure 1.12. The first step of the
reaction takes place at the benzyl alcohol or benzyl ether group. Reaction aéaves the
ether bond with participation of the thioethyl group previously introduced at &nd final
products are threo and erythro isomers regardless of the stereochemistry of the initial structure

after the final substitution at (position.[137]

To obtain more structural information about lignin structures, dimeric products after
thioacidolysis require further examination, which reflect the various types of coseten
f Ay 1l 3Sapa-8 aadw etlalkiHoiveverthe dimers derived from direct thioacidolysis
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are extensively thioethylated at the phenylpropane side chains, resulting in low volatility and
complexity in multiple diastereocisomeric formBor this prpose, Lapierre et al. added one
reaction step after thioacidolysis, which is called desulphuration over Raney Niek#lThis
added step is capable of increasing the volatility and reducing the number of diastereoisomers
in a reproducible fdson. The dimers obtained after desulphuration are shown in Figure 1.13

[146] Even some minor linkages patterns can be characterized and quantified, such as diphenyl

ether, the phenylisochroman, and the tetrahydrofuran structuid<.6]

H
l+
FiB—O
OAr SEt
EtZO BF; EtSH Etzo BFs Ele BFs
TEsn s
Me

Figurel.12.[ A 3 yOMthioacidolysis reaction schem@37]

CH,

I OCH,
GHs  CH; <|:H3
CH,  CH, H,C OH
CH CH
2 2 R
SIS
H,CO OCH; H,CO R OCH;,
OH OH OH
5-5 4-0-5 beta-1
o G
o CH, CH,
7 TTTCH CH,
HC
B
CH H,C
’ R OCH, ] OCH,
CH,
OH OH
R OCH;
OH R OCH;
beta-6 oA
beta-5

Figurel.13. Structures of dimeric products recovered from thioacidolysis followed by
desulphration[146]
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Derivatization followed by reductive cleavage (DFRC)

Thioacidolysis iextremely useful for analyzing ethénked lignin structures. However,
one of the reagents, ethanolthiol, has an unbearable snidike threshold for human detection
isas low as one part in 2.8 billion parts of 4ir47] So many researcherseareluctant to use

this method.

Lu and Ralph139] developed a new method for selective amdficient cleavage of
arylglycerol - NE-0-4) @ther linkages in lignin. This method was described and applied to
& S @S NI f-etherAmddels, yisoldted lignin and wood sampl@s48] ¢ K S (I SWNOYE  aisaC
abbreviation for Derivatization Followed by Reductive Cleavage, which indicates it is a two step
reaction, shown in Figure 1.1fL39] The first step is cell wall solubilization and derivatization
gAGK | OSGef ONRBYARSI gKAES GKS aSO2piemoad SLJ
ethers by zinc dust[139] The primary lignirderived monomers released are essentially 4
acetoxycinnamyl acetate {pydroxycinnamyl peracetateH), 4-acetoxy3-methoxycinnamyl
acetate (coniferyl peracerateG), and 4acetoxy3,5-dimethoxycinnamyl acetate (sinapyl

peracerate,S). The final products can be identified by GC, GC/MS and NMR.

Compared to thioacidolysis, one disadvantage of DFRC is Wer imonomer yield,

which may due to incomplete cleavage on lignin ether linkajge€]

However, DFRC also has several advantages over thioacidolysis. The reaction
temperature for DFRC is milder, which is 50°C or even at room temperature. Thioasidolysi
reagents need to be refreshed on a daily basis, which adds more effort to this method while the
DFRC reagent mixture can be stored in the refrigerater for months. DFRC reaction does not use
any chemicals with extremely unpleasant smell as thioacidoty@s. Another advantage of
DFRC raises up when it comes to analyze grass lignins. Grass lignins are partially esterified with
p-O 2 dzY | NA&A GpoditintoRignin propane side chain. This naturally occurring ester remains
totally intact after DFRC degtation, whereas 40% of the original ester linkages were
hydrolyzed in thioacidolysis, which makes the final result biagéil]] DFRC also can be easily

modified to identify new features such as naturally occurring acetates using propionate
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reagents (propionyl bromide/propionic acid/propionic anhydride) to replace all acetate

analogues[148]
OH - OAc ~ OAc
HO Br
0 0 7
OMe AcBr OMe 1. Zinc
—_— —_—
2. Ac,0O/Py
OMe OMe OMe
.0 .0 OAc

rd

Figurel.14. Selective ether cleavage by the DFRC met[i28]

Biomass rheology and viscoelasticity

Rheology is the study of deformation and flow in materials, both liquids and solids.
Carefully measured deformations reveal insights about molecular structures, hierarchical
organizations, and aspects of material processings. Dynamic mechanical and{s)sig@ne
common rheological methodology. It involves application of an oscillating stress or strain, and
the resulting strain or stress is measured. The DMA response in polymeric materials is

viscoelastic; it is simultaneously elastic like a spring,asm viscous like the flowing water.

The viscous response of a lignocellulosic material is not macroscopic liquid flow, but
rather localized flow as when two polymeric segments rub and slip past one another when
mechanical energy is dissipated. When carefully conducted, the DMA of visapelasti
lignocelluloses may be used to reveal insights about the structure and organization of cellulose,
hemicelluloses, and lignin. Most of this type of research has been devoted to wood, with
examples such ad23, 151154]. Given the variety of polymers and the complexity of their
organization in lignocellulose, it is interesting to note that lignocellulose exhibits only one major
thermo-mechanical softening transition above sambient temperature, a glasto-rubber
transition attributed to lignin[155, 156]Relaxatn of amorphous cellulose and hemicelluloses
in waterswollen wood occurs at sedimbient temperature[124, 125]The in situ lignin glass
transition is quite sensitive to moisture levels, meaning that moisture control is a very practical

experimental concern[123, 152, 157] Similar to water, ethylene glycol saturated wood
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specimens behave similarly undeeat treatment, but within a wider temperature range due to

higher boiling point of the solvent.

Rheological properties of other biomasses type, such as switchgrass were investigated
by Chowdhury et dl152]. The thermerheological response of switchgrass stem is quite similar
to that of wood, and tissue maturity effecege easily detected in switchgrass. In Appendix A,
two groups of transgenic switchgrass plants were subjected to sehlummnersion tensile
torsion DMA tests for measuring rheological properties, including glass transition temperature

(Tg) or activation egrgy associated with Tg (Ea)

Nuclear Magnetic Resonance (NMR)

NMR is a physical phenomenon in which nuclei in a magnetic field absorb -@maitre
electromagnetic radiation. The radiation is at a specific frequency which depends on the
strength of the magetic field and the magnetic properties of the isotope of the atoms. The
most commonly studied nuclei aféd and*C. It is a powerful noselective, nordestructive
analytical tool that enables one to ascertain molecular structure including relative
configuration, relative and absolute concentrations, and even intermolecular interactions of an

analyte.

NMR is a relatively new analytical technique for analyzing chemical structure of wood,
or isolated wood components, which enables rabgstructive interpreaition of the structures.
Absolute quantification remains elusive, but NMR provides unparalleled structural information
on the complex polymers of the cell walls, and it is valid to provide comparative assessment.
[158]

The whole NMR process seems complex and takes longer time than common wet
chemistry methods, such as compositional analysis, thioacidolysis BRLC DIt involves the
following stepq158]: simple cell wall isolation (or extraction), which is commonly required for
all other analysis; fine grinding, so called {mallling to minimize the sample particle size;
swelling and dissolution in a solvent mixture; NMR acquisition and interpretaismglly takes

hours to days depending on instrumentation and acquisition parameters setting.

22



The NMR techniques in lignin and whole cell wall research have been improved over the
past decades, as reviewed [158162] More recently, by utilizing the resolution and
dispersion of highresolution and high field and 3D NMR, considerable structural
information is available without the need to isolate fractions. Two dimensional NMR, such as
HSQC (Heteronuclear Single Quantum Coherence) in which more than a single NMR parameter
is presented in a spectrum, has beendely used to elegantly elucidate aspects of lignin
structure and bonding. One example of HSQC spectra on whole wood tissue is shown in Figure
1.15.[161]

There are typically two types of cell wall sdey acetylated cell walls and native cell
walls for 2D NMR. Acetylated cell wall samples can be dissolved in solvents, therefore yields
better NMR signals comparing to gide native cell wall sample, but at the expense of losing
natural acetylation infomation from native cell walls. Two dimensional NMRs in principle,
guantifiable by measuring contour volume integrals, but gel samples are particularly
challenging but doable because of their rapid relaxation. But the reproducibility has been very
good when the same materials are taken through the full grinding, dissolution/swelling and

NMR procedures, even when samples are run many months 4h&g]

2D NMR has been widely used with lots of other analytical methods, such as pyrolysis,
DFRC, and thioacidolys[458, 163, 164]The structural information obtainedfom 2D NMR
includes [158, 163 A Y UGNJ Y2t SOdzf F NJ A IGMAYY-p £E-A Y | S =
dibenzodioxocins et al., and their relative proportion; various lignin endgroups, including
cinnamyl alcohol endgoups and cinnamyl aldehyde endgroups; lignin aromatic units (G, H, and
S) composion and S/G ratio; natural acetylation;qgopumarate and ferulates and their linkages
to lignin or carbohydrates. 2D NMR also was conducted on residual lignin from kraft pulp of
pine and eucalyptus to investigate the condensed lignin linkages, includamgindethane
Y2 A SG A 8 &-5Istsudures. Diarylmethane moieties were believed to exist in kraft lignin
due to condensation reaction between formaldehyde and lignin, but failed to be detected in all
literatures using 2D NMR techniqué$64]
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Lignin sidechain and PS region

 Polysaccharide (PS)
anomeric region

: Lignin aromatic region
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7

Figurel.15. Short acquisition time (17 min) experiment on aspenwells in DMSO

d6/pyridine-d5 (4:1 v:\) using a 750 MHz cryoprofegjuipped NMR. The spectrum is adequate

ppm

for many purposeshemometrics, and S/G ratio estimation, for examjl®1]

The biggest challenge for 2D NMR quantification is to choose the proper internal

standard. Among many have been done, lignin aromatics signal is the most commonly used,

such as the C2 or C5 signals in aromatic rii$é-167]

Later on, HSQC was used to investigate structural changes of in situ lignin after various

heat treatments in this project. Lignin methoxyl group content was attesdpio be used as

internal standard for quantification.
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Chapter 2Method for measuring 6rmaldehyde emission of wood using a

micro chamber

Guigui Wan, ChristatablesandCharles E. Frazier
Macromolecular Science & Engineering, Sustainable Biomaterials

Virginia Tech, Blacksburg VA 24061, U.S.A
Attribution

For the work described here the formaldehyde emissions chamber and associated
hardware was established by Christa Stables. Formaldehyde emissions measurements on wood

were conducted by Guigui Wan. HeatWirsedid the lab air measurements.
2.1. Abstract

A 12 liter micro chamber was established for measuring formaldehydeQCétnission
from 4 Virginia pine trees, FB1, FB2, NC1 and NC2. FB1 ethatdughestamount of CEHO
among the trees studied, possibige to the different storage conditions. Emissiefrom the
trees FB2, NC1 and NC2 weaitso significantly different although they had similar pregttion
history, indicatinghatural variation in C#D emission. Heat treatment at 200¢@ 120°C) for 1
h increased C#D emission, but sequential heating (up 6 hours) decreased. Ammonium
chloride (NHCI) pretreatment led to higher emission compared to specimens without
pretreatment but experienced the same heat treatment (200°C, 1 h), which contradicted to the
CHO generation from NKCI| pretreated flake$200°C, 10 min). Flakes with lownission rate
tended to have higheemissiors after being stored irthe open laboratory for a period of time,
and flakes with high initial emission rat@d lower emissionsMonitoring CHO content inthe
laboratory envirmment over a 4 month period dhcated that air contained a smamount of
CHO, even lower than GB content in the ultrapure Ncarrier gas used in the emissions

chamber.
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2.2.Introduction

There are numerous standard methods used to measure formaldehyde emissions from
wood-based composites, as established by different countries around the wfi]dThe
methods vary in scale and methodology, but most require carefully controlled temperature,
relative humidity, sample preconditioning before testing, chamber loading (specimen mass/unit
volume), and sometimes prescribed vertiiten rates. Large environmental chambers are used
in the United States (ASTM E133302), Europe (EN71l) and Asia to sample full size
composite specimens on the order of 2.5 m in dimension. The principal benefit of such large
scale sampling is to accomughate emissions variations that are observed in smaller specimens
sampled from a single composite panel. Large chamber methods are costly and time consuming,
therefore requiring considerable infrastructuri2] Large and smaller scale chambers prescribe
chamber ventilation where the air exity the chamber is passed through waféled impingers
that collect formaldehyde for subsequent quantification. While certification requirements often
demand these ventilated chamber methods, there are a number of smaller scale methods used
for quality cantrol screening and which may be correlated to ventilated chambers. Desiccator
methods are common as for ASTM D5582, and Japanese standard JIS A 1460 and JAS 233,
where a prescribed number of small specimens are placed into a desiccator (~10 liter volume)
with a vessel of water that absorbs emitted formaldehyde. The formaldehyde released from the
test pieces at fixed temperature, relative humidity and time is absorbed by the water and
determined photometrically.[3] Dramatically different is the perforator method (EN 120),
which is widely used in Europe. It is beéd to measure a very important board emission
characteristic, which is free, extractable formaldehyde content. Small specimens are boiled in
toluene, which condenses and passes through a water solution that strips the formaldehyde
from the toluene.[4] Alternatively, the flask method measures formaldehyde release from
small specimens over water in a closeshiiner at a constant temperature. The flask method
is simple and effective for screening purposes and also particularly suitable for teaching and

demonstration purposegl]
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There are a variety of analytical methods used to quantify formaldehyde, but only the
most common techniques are mentioned here. Formaldehyde analysis using colorimetry has
evolved extensively since Bonnet studiede thcharacteristic color reactions between
formaldehyde and certain alkaloids more than 100 years #gjd.ater on, Hanzlik and Collins
reacted a series of standard formaldehyde solutions with phloroglucinol to form a gradation of
colors from pink to dep red, which can be used for color matching developed from samples
with unknown formaldehyde concentration[6, 7] In 1937, Eegriwe first employed
chromotropic acid for detecting formaldehgd[8] During the 1940s and 1950s, the emergence
of welldeveloped chromatography instrumentation greatly improved the accuracy and
detection limits of formaldehyde quantitation. Chromatographic formaldehyde determinations
are free from interferencesince all the reaction products are resolved, typically using liquid
chromatography. Here the most common analytical reagent isdihdrophenylhydrazine
(DNPH). The DNPH formaldehyde determination is widely considered to be the most reliable
and authorifaitive. However, a noghromatographic method using 2pkntanedione (acetyl

acetone, AcAc) has been shown as equivalent to DNPH mefl9dds.

First described by Nas[1,0] the AcAc method employs the Hantzsch reaction as shown
in Figure 2.1. The reaction product is diacetyldihydrolutidine (DDL), which is fluorescent; and
the fluorometric detection of DDL is about 10 times more sensitive than the corresponding
colorimetric (UV) determinatior{11] The Hantzsch reaction is highly specific to formaldehyde.
[12] More importantly the formaldehyde reaction product, DDL, is strongly fluorescent whereas
the Hantzsch reaction with other aldehydes gives rise to weakly offlnonescent products.

[12]

0 0] 0]

HaC CH
HJ\H HgC/U\/U\CH NH} — || > H0

3

Figure2.1. Hantzsch reaction, formaldehyde reacted with acetylacetone and ammonium into

diacetyldihydrolutidine (DDL), which can be detected and quantified using fluoronie@gr.
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The objective of this work was to measure natural biogenic formaldehyde that forms
within, and is emitted from, wood. The desire was to measure biogenic formaldehyde
emissions under pseudequilibrium conditions in a ventilated chamber. Since standardized
ventilated chambers are quite expensive, a cheaper and simpler custom chamber was devised
using al2 liter jacketed glass reactor. The principal experimental variables were variations

among different trees within one tree species, and also the effects of wood heating.
2.3. Materials andmethods

Four 7080 year old Virginia pineP{nus virginianp trees were harvested from the
.fFO0l14a0dzNBX ! FFNBF® ¢g2 GNBSaz yrYSR C.wm |yR
a 1,300 acre teaching and demonstration forest adjacent to campus. Tree NC1 and NC2, were
harvested from a region (~4 ha) near BlacksBurg+ ! = (1 KS b SStein seStiars (~15F S |
cm thick) were cut from locations that werel.2 m above ground. Except FB1, fresh sections of
FB2 NC1 and NC2 were immediately processed in flakes (80x80880m, tan.xlong.xrad.) by
slicing the tangentiaface using a rotary flaker with the thin dimension in the radial direction.

The first 20 years of juvenile tissue was excluded. Flakes were stored in the open laboratory at
room temperature. The first emission measurement for these three trees was takam 1-2

weeks after harvest. For FB1, tree stems were frozen for ~16 months, then thawed, air dried,
and immersed into distilled water for 3 days, then flakes were prepared as above. The first
measurement for FB1 was taken ~20 months after harvest. iWidach tree, flakes were
randomized and placed into a custom aluminum rack (Figure 2.2 (K6K7.5x7.5 cm,
length?® width3 depth) with 110 slots, dry mass of loaded flakes ranging from 130 g to 150 g.

Only FB1 contained significant amounts of compresgioad.
Specimen pretreatment and heat treatment

Prior to heating, flakes were subjected to pretreatments: 1) control, no treatment, 2)
dipped in 10 mM acid (Nigl) for 1 sec, and air dried. Flakes were loaded into flake tray and
heated at 200C or 120C for 1 h, then subjected to sequential heating up to 6 hours.

Specimens were identified with respect tree name, pretreatments, heating temperature and
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heating time, i.e. NC2 20G-1h, FB1 20GG6h or NC2 Acid/20@-1h. Specimens with no heat
treatments weae referred as NC1, NC2, FB1 and FB2.

Gas Emission Chamber

CHO emissions chamber (Figu2.2, (right)) was composed of a 12 liter glass chamber
(58 cm in heightand a threeneck glass cap with ground joints. Fixed to the chamber lid was a
smal fan, ponted downwards intahe chamber body, that ensured turbulent flow within the
chamber. The chamber temperature was set at@5controlled by a watetirculating jacket
around the outside chamber wall with aid of a therroouple. Ultrahigh purity nitrogen(Nz,
purity > 99.999%) was adjusted to 1000 ml/min through a purge rotameter and blew into a
relative humidity generator (VTI RH200), then directed into the chamber to generate a 50%
relative humidity environment. Ncarried out CED from the chamber andubbled into two
impingers (25 ml) containing 20 ml water, front and back for 1 hour. After 1 hour gas sampling,
the water volume in each impinger was measured and denotedr@sahnd \hack Impingers are

available with standard nozzles (open tip) or spkenozzles (fritted tip, 170 to 20@m glass frit).

Figure2.2. Left: a custom aluminum flake tray wifl10 flakes loaded in the slotsigRt: gas
emissions chambecénter), with the controlledtemperature circulatorléft), and the RH

generator (ight).

Background CH¥D measurement was taken after ~24 hours equilibrium, while emission
from wood flakes started after at least 48 hours equilibrium in the \wefiditioned chamber.

For heat treatmentloaded flake tray was heated in oven, then cooled to room temperature for
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~30 min, and immediately inserted into chamber and equilibrated for at least 48Hmefore

emission measurements.

The chamber was thoroughly cleaned and dried under two gersralmstances: 1)
switching to a new WNtank; 2) switching to new flake specimens. Background formaldehyde
was measured from each gas tank (without specimens), and subtracted fromalactu

measurements of wood flakes.
Calibration and CkHD measurement

A CHO batch solution was made by diluting standard 37wt% formaldehyde solution (0.5
ml) with HPLC water into 1 L flask, standardized to determine exact concentration, then further
diluted into a series of GB solutions. These @8 solutions (4 ml) was mixed Wi ml AcAc
solution (150 g ammonium acetate, 2 ml acetyl acetone and 3 ml acetic acid), and reacted in
60 C water bath for 10 min, and finally subjected to fluorimeter measurement atC35
Fluorimeter setting: excitation wavelength at 410 nm, emissiom $oam 470 nm to 530 nm,
emission and excitation slits at 10 nm and scan speed 200 nm/min. The emission intensity from
505 nm to 515 nm was averaged and used to generate the calibration curve with plotti@y CH
in ug as X axis and intensity as Y axisbi@itbhn was done on monthly basis to ensure
experimental accuracy. AcAc solution was stored in amber bottle at,18nd refreshed on

monthly basis.

For CHO samples in front and back impingers, 4 mp@MHKolution was mixed with 4 ml
AcAc solution and regated the above step. Fluorescence intensity was referred as Integssity
and Intensityack and CEDO emission was calculatednmy/L according to following equation:
Ve 0Qei Qww ad "0t 0QEI Qb G
596 0a i | eldtnY 5 ;?tix:i’d Q;S‘p f] TQ!?) raa

With known dry flake mass (g), &Hemission imy/L can be converted intog/m? g.
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CHO in open lab environment was collected by pumping the air thihougo
sequentially set front and back watepntaining impingers at ~1000 ml/min air flow rate for 60

min. And CED content was quantified as described aboveuilL.

2.4. Resultand discussiors

300 500+
2 - "
5 ~
Z new light source installed
- 200- g 450 4
*2 S 4004
= 100 =
S " L]
= | |
S 4 | ] | ]
S 350 .
0
0.0 0.2 0.4 0.6 0.8 12 3 4 5 6 7 8 9
# of calibration
CH,O (m)

Figure 2.3. Left: one example curve for the fluorimeter calibration. Right: curve slopes for
multiple calibrations in an-8&onth period. Time elapsed between two calibrations was roughly

4 weeksA new lightsource was installed just before theB#alibration

Figure 2.3 demonstrated an example curve for fluorimeter calibration (left), and also
curve slopes for multiple calibrations in am®nth period (right). Time elapsed between two
calibrations was roghly 4 weeks. Calculations for testing wood specimens were based on the
most upto-date calibration. Variation between two calibrations ranged fré# to 6%, which
may due to: 1) instrument sensitivity fluctuation, i.e. light source; 2) operatieaaation from
the experimenter. By increasing the frequency for instrument calibration may compensate the
intensity fluctuation from the instrument itself, but it doest affect operational variation from
the experimenter. So we made an arbitrary deansio conduct instrument calibration on a
monthly basis, and thd% to 6% variation was accepted. Under the following circumstances,
the instrument calibration must be repeated to ensure the analytical accuracy: 1) instrument
maintenance or repair; 2) vatian between two sequential calibrations is more thé%o; 3)
any noticeable signal abnormality. For example, in Figure 2.3 (right), due to the replacement of
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a new light source, the instrument calibration was conducted. This replacement was reflected
by asudden increase of calibration curve slope. In other word, the light source replacement led

to the increase of instrument sensitivity.
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Figure2.4. Background C# from nitrogen tankspumberof Y S| A dzZNBYSy da F2NJ SI O

As for carrier gas, house air was used initially, but abandoned because of significant
CHO contamination. Ultrgoure N was used instead. And tardpecific background G@&
content was nonitored and shown in Figure 2.£Llearly, carrier gas contained LK but in a
relatively consistent mannefAll the flake emission measurements below were corrected by

tank-specific CkHD background.

Water-containng impingers were used to absorb tlgaseous C#D. Impingers with
different tip types may have different absorbance efficiency. Tables 2.1 summarized the
emissions measurement for both tank background and FB1 flake using impingers with different
tip types, fritted tip and open tip. Neignificant difference was observed for FB1, but tip type
appeared to have some impact on background measurements, therefore followin@ CH

emission measurements were all conducted using impingers with fritted tips.
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Figure 2.5summarizes the G emissios from neverheated Virginia pine, FB1, FB2,
NC1 and NC2. Among all four trees, FB1 emitted the highegd.CHhis may due to the ~16
month storage in freezer or substantial amount of compression wood it contained. To make a
valid comparison, FB2, NC1 aN@2 were chosen. Clearly, even within the same specie§) CH
emissiors varied significantly among different trees. Specimen equilibrated in chamber for at
least 48 hours before first measurements, and the followirgrBeasurerents occurred within

1-3 days.

Table 2.1. Averaged background and flake emissoneasurements using fritted tipped and

open tipped impingers over 3 measurementtarlard deviations in parenthese

CHO (/L)  Fritted tip Open tip

Background 0.012 0.010
(tank 2) (0.001) (0.001)
FB1 0.037 0.038
(tank 3) (0.002) (0)

It has been well known that heat treatments promote biogenie@generation[13-17]
and it possibly leads to a higher emission. Figure 2.6 and Figure 2.7 featured how sequential
heating (120C and 200°C) affected g&MHemission from FB1. After first 1 hour heating,@H
emission increased significantly, probably because pathe heatgenerated CKO remained
in the wood, released into chamber later and increased the emission. However, the sequential

1 hour heating (2 hour and more) led to decreased@Emission.
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Figure2.5. Formaldehyde emissiafrom neverheated Virginia pines, FB1, FB2, NC1 and NC2.

Error bars = + 1 standard deviation. Numbers above columns are number of measurements.

0.24 -

0.21 -+

0.18 ~

. . 3
CH,O emission (mgy/m~g)

0.154

FB1, Effect of sequential heating (120 C)
4

|
1 ;
6
|
I
Colntrol 1Ih 2Ih

Figure2.6. Formaldehyde emissiairom FB1 (control, neveneated) flakes, and sequentially

heated FB1 flakes at 120 for 1 hour and 2 hours. Error ba? 2 standard deviation. Numbers

above columns are number of measurements.
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Figure2.7. Formaldehyde emissiairom FB1 control (neveneated) flakes, heated FB1 flakes
after sequential heating at 200°C up to 6 houtsor bar = 1 standard deviation. Numbers

above columns are number of measurements.

Ammonium salts (NACI or (NH)SQ) are used to catalyze urdarmaldehyde resins
where the CHO/NH; reaction releases strong acids, HCI @B@ that catalyzes resin cur§l8]
It has been known that strong acid can catalyze in situ lignin degradation and result in higher
CHO generation from wood[19-24] Our previous study revealed that NE pretreatment
RARY QU f S| ® genéatidhbrid&eatdd At 200°C for 10 min, which probably due to
the scavenging effect of ammonium.[25] And the scavenging product,
hexamethylenetetramine is very stable under AcAc reactiondition (60°C, 10 min), meaning
no decomposition into G and interference with the measuremejl.0] Figure 2.8 revealed
that NHCI pretreatment increased GB emission from wood flakes compared to specimens
with no pretreatment but experienced the same heat treatmig200°C for 60 min). GE&
emission can nobe reflected simply by GB generation. Emission is a much more complex
phenomenon. Moreover emission was measured at 50% relative humidity, whi}® CH

generation was quantified in a water saturation conditidrhis different testing environment
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may possibly influence GB release from wood[26] leading to the opposite trend on GB

emission observed in Figure 2.8.
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Figure2.8. The effect of Nk&CI pretreatment on C#D emissiosfrom heated NC2 wood flakes
(200°C, 1 h¥rror bar = 1 standard deviation. Numbers above columns are number of

measurements.

Figure 2.9 summarizes formaldehyde emissitmom treated flakes before and after
being storedin lab for a period of time. Clearly, high emitters declined over time, i.e. FB1, and
NC2 200°@h. On the contrary, emission from low emitters increased, i.e. FB2. This possibly
can be explained by the complicated formaldehyde equilibrium between waakedl and
atmosphere. For specimen containing low formaldehyde, it tends to absorb atmospheric
formaldehyde into the matrix. Once placed into the chamber again, it emits more formaldehyde.
On the other hand, for specimen containing higher formaldehydealiyti it tends to emit
formaldehyde into the atmosphere, which possibly results in lower formaldehyde emission
once placed back into the chamber. This hypothesis brings up concern over sample storage in
open lab and possible environmental contamination.dARHO content in laboratory
environment was monitored through 4 month period, Figure 2.10. Room temperature ranged

from 20°C to 26.7°C while relative humidity of laboratory emwinents varied from 60% to 80%.
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Figure2.9. Formaldehyde emissi@irom wood flakes. Among each set of measurement,
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Figure 2.10, GJ@ in laboratory environment ranged from 0.0015 to 0.003 pg/L air,
which was even lower than @B background measured fromp kank, 0.0075- 0.012 pg/L. In
this regard, CkD in lab environment is possibly not a concern for specimen contamination
during storage. However, storing in open lab environment could be complicated due to other
lab activities. So the ideal environment for specimen storage would be in a closed ensitonm

with no background GI@ or any other interferences.
2.5. Conclusios

Four Virginia pine trees, FB1, FB2, NC1 and NC2 were subjectedQoe@iitsion
measurements using a custom 12 liters micro chamber. Among 4 trees studies, FB1 emitted the
highest amount of C#D, but probably due to different storage condition. Emission variation
also existed among the other tree trees, FB2, NC1 and NC2 even theyniikd preparation
history. Heat treatment at 200°C (or 120°C) for 1 h increased the emsssiah sequential
heating (up to 6 hours) decreased that emissiooontinuously. Ammonium chloride
pretreatment led to higher emission from wood flakes compareal flakes without
pretreatment but experienced the same heat treatment (200°C 1 h). Flakes with low emission
rate tended to increase emission after being stored in open laboratory for a period of time, and
flakes with high initial emission rate did the apgite. CHO content in laboratory environment
ranged from 0.0015 to 0.003 pg/L, which was even lower thapOQbaickground measured
from N tank, 0.00750.012 pg/L.
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Chapter 3Biogenic formaldehyde: Content and heat generation

in the wood of three tree species
Mohammad Tasooji, Guigui Wan, George Lewis, Heather ®hd& harles E. Frazier
Macromolecular Sence & Engineering, Sustainable Biomaterials

Virginia Tech, Blacksburg VA 24061, U.S.A

Attribution

For the work described here formaldehyde measurements for Virginia pine was
accomplished by Mohammad Tasooji and Heather Wise. Gebesydas and Guigui Wan
completed llow-poplar measurements, and radiate pine was tested by Guigui Wan.

Extractives and moisture content wedeterminedby George Lewis and Guigui Wan.
3.1. Abstract

Global trends in allowable formaldehyde (CH emissions from nonstructural wdo
based composites require a renewed consideration of biogengdkm wood. Increment
cores from living Virginia pinéPipus virginiang yellowpoplar Liriodendron tulipiferg and
radiata pine Pinus radiata trees were used to measure gMHand CkD generation due to
heating (200°C, 10 min). Significant variations within and between trees of the same species
were observed. Tissue types (juvenile/mature, heartwood/sapwood) sometimes correlated to
higher CHO contents and greater hegfeneration potentl; but sometimes not depending
upon species. Heating increased-OHevels 0 fold. Heating with high moisture levels caused
greater CHO generation than for dry (nevdreated) specimens. This moisture effect and a
separate serendipitous observation gggted that CKHO generation is acid catalyzed. Radiata
pine generated extraordinarily high &Bilevels when heated, far exceeding the other species.
It was suggested that pine extractives might catalyzeQCieneration, perhaps in lignin.
Regarding woodbased composites, findings suggested that compliance with emissions

regulations may be complicated by fLHgenerated in the hepress. If we could reveal the
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precise mechanisms of @B biogenesis in wood, we could perhaps manipulate these

mechanisms for berfeial purposes.
3.2.Introduction

This work addresses biogenic formaldehyde x(@Hgenerated by wood during the
manufacture of norstructural woodbased composites, from which &M emissions are
regulated. Global trends have shown steady reductions lmwable formaldehyde emissions
from these consumer products. The target for regulation has been anthropogeni® CH
released from hydrolytically unstable amino resins like tfiimaaldehyde.However, current
regulations restrict allowable emissions to such low levels that biogenic formaldehyde may
affect regulation compliance. It is well known that wood contains biogenic formaldehyde and
that heating generates much greater quantitigs-6] Our ndustry interactions indicate that the
latest emissions regulations have been met with new amino resin technologies. Nevertheless,
there are persistent anecdotal reports of complications attributed to biogengOCHs part of
an industry/university coopetion, we seek a more thorough accounting of alb@ldources in
wood-based composites, both anthropogenic and biogenic. Biogeni© @dm wood has been
documented for at least 39 years, but relatively little data is available, and none addresses
CHO lewls in living trees[4, 7, 8]Our goal was to thoroughly document the occurrence of
biogenic CED in the living tree, and simulate its generation as occurring in composite
manufacture. In this work industrial drying @enitted and emphasis is placed on Ratess
simulation using 10 minute, 200°C treatments. In order to conduct large scale, nondestructive
sampling of living trees, a simple milligraatale water extraction was developed and shown to
recover ~94% of the é&actable CHO.[9] Specimen heat treatments and g&MHdeterminations
are conveniently conducted in a single glass vessel, so all biogepi@ i€Hetained and
guantified. For our purposes this new prakee is preferable to the weknown perforator
method that exposes 100g specimens to boiling toludt8)] Since wood possesses abundant
hydroxyl groups, CI® exists in a complex equilibrium that includes sorbed@Hnd/or

methylene glycol, covalently bonded hemiformal (hemiacetal), and covalently bonded formal

(acetal)[9,11,12] Y2y 3 (KS&aS O2YLlRdzyRaz | ft SEOSLII ¥F2N
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extractable with water at room temperature. The free LLHthat is readily extractable is
capable of gaseous emission from the wgamatrix.[9, 11] However the rate oemission is
strongly dependent upon the wood moisture content. Dry wood tends to retaipOCéhd
water saturated wood rapidly releases[itl], suggesting that hemiformals play a key role in
wood/CHO equilibria.

With plans for additional tree species, the three included in thislgtwere Virginia pine,
yellow-poplar, and radiata pine. While commercially insignificant, Virginia fimeu$ virginianp
was studied because of its availability and similarity to the commercially important southern
pines. Yellowpoplar Liriodendron tupifera) is commercially importanin the eastern United
States, and radiata pin€inus radiat®is commercially valued on a global scale. Ultimately, the

desire is to determine how biogenic &Maffects emissions from composite products.
3.3. Materials ad methods

Virginia pine Rinus virginianatrees from a wooded region (~4 ha) east of Blacksburg,
VA, U.S.A. (Nellies Cave area), were sampled as follows: increment cores (5 mm dia.) sampled at
~1.4m above ground, from 8 trees;86cores per tree from 400 cn? area; sealed in plastic
straws (trees 36) or Pyrex glass tubes (trees8), and subsequently razor cut into ~1 mm thick
disks; juvenile (first Q5 rings from pith) and mature (last 4® rings to bark) tissue was
isolated and stored frozenX8 C for trees 16, and-80°C for trees -B). Among the 8 Virginia
pines, all appeared healthy except tree 8 which had large sections of dead branches in the

crown.

Yellowpoplar Liriodendron tulipiferptrees were generally isolated specimens growing
on the Virginia Tech campus and sampled as follows: increment cores (5 mm dia.) sampled ~1.4
m above ground from 5 healthy trees;84cores per tree from a 100 Garea, sealed in Pyrex
glass tubes, and razor cut into ~1 mm thick disks; heartwood and sapworal separated
based on the color difference. Within each tree, all heartwood and sapwood sections were

randomized respectively, and separately storedadt C.
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Radiata pineFinus radiata trees were sampled from a commercial plantation in Chile.

Tree 1 wassampled from a stock having 587 trees/ha (silvicultural management pruned and
thinned), at UTM coordinate location 18 H, 664859.83 m E, 5913603.16 m S. Tree 2 was
sampled from a stock having 933 trees/ha, at UTM coordinate location 18 H, 664847.41 m E,
5913502.29 m S. Sampling occurred as follows: increment cores (10 mm diameter) were
sampled at 1.2..6 m above ground in a vertical line with 8 cm separation, 6 cores per tree,
vacuum dried at 17°C for one week, sealed in plastic tubes, shipped from &fuleeceived

four days later. Upon arrival, juvenile (first 10 rings from pith) and mature (ld& 8ngs)

tissue was separated, and cut into ~1mm thick disks. Within each tree, all juvenile and mature

sections were randomized respectively, and sepayasébred at-80 C.

Extractives content was measured using 95% ethanol extraction according to standard
method NREL/T-B10-42910: Determination of Extractives in Biomass.

Specimen preparation

Specimens are identified with respect to drying history (Nelrggd; Dried) and thermal
treatment (Neverheated; Heated). Nevedried specimens: freshly cut disks were sealed and
placed in a second container (purged with) lnd stored as described above. Prior to use,-cold
storage sample vials were warmed in a watathbat room temperature for 280 min. Dried
specimens: wood disks were placed in a desiccator and dried by cycling between vacuum (0.15
mm Hg) and dry Ngas, three times; stored ovep®; or molecular sieves and.Nbr at least 48
hours until reaching awstant weight. Heated specimens: 200°C, 10 min as detailed below;
NeverHeated specimens: no heat exposure. Within each tre@,cbres were used for Never
dried measurements while another3cores were used for Dried measurements. Within each

core, 24 GO measurements were conducted.
CHO measurements

The CHO determination was described in a previous publicatieh wood samples
(Neverheated: 3060 mg, Heated: 80 mg, dry mass) were sealed in a 50 ml serum bottle. All

samples were subjected to either heat treatment (200°C, 10 min) or no heating. Aftergtmlin
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room temperature, HPLC water (15 ml or 20 ml) was charged via syringe, and the
specimen/bottle set at room temperature for 1 hour with occasional shaking. After 1 hour, 4 ml

of the CHO solution was sampled and analyzed by fluorimetric acetylacetateation. Prior

to CHO measurementwood specimen moisture content was measured and used to normalize

Chh Yl &aas NBLR2NISR Ay >3k3 RNE ¢22RP {AYLIX S LI

but normality of the data sets was not verified.
3.4. Resub and discussions

Sample information summary

Table 3.1 shows the number of trees studied, range in age, moisture content, and

extractives content.

Table3.1. Tree specimen information: Species, rangeagé, etc. Moisture content (MC%) at
harvest and extractives content (EC%) are based on dry wood mass. MC% and EC% for yellow
poplar and radiata pine were averaged over all trees listed. MC% for Virginia pine was averaged

over trees 16, and EC% was averageaver trees 5 and 6. Standard deviations in parentheses.
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CHO content and CHD generation potential irfNeverdried specimens
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Specimens are discussed with respect to drying history (Nénwed; Dried) and thermal
treatment (Neverheated; Heated). One notable observation was the variability within
individual cores, and between cores within the same treeedsted to CHO content and CiD
generation potential. Virginia pine tree 3 (juvenile tissue) was randomly selected to
demonstrate this point, Figure 3.1. In some cases there was significant variability within
individual cores, but on average no significadifference between cores (i.e. Never
dried/Neverheated, cores B). In other cases, there was little variability within individual cores,
with or without significant differences between cores, on average. The variations shown here
were representative fojuvenile and mature tissue in all Virginia pines trees analyzed, where
the specific patterns of variation seemed random. In other words, thgdGtdntent and the
CHO generation potential were neaniform within the tissues studied. Since ssémple
groupings were based upon tissue maturity (stele), the heterogeneity within and between
cores could be related to anatomical variations that were perhaps not randomized during tree
core sectioning (mrscale). For instance, the occurrence of resin canalsh@pgl parenchyma)
could be expected to vary among tree core sections. Whereas earlywood/latewood effects (if
they occur) would be expected to undergo randomization with perhaps no detectable impact.
Consequently, the within and between core variabilityserved here may be associated with
the heterogeneous distribution of wood extractives associated with resin canals. If wood
extractives play a role in biogenic £LHgeneration, then the extractives must be considered as
a potential source and/or they mighnteract with wood to suppress or promote &M For
instance, condensed tannins are formaldehyde scavengers, and have been used in resin
formulations to lower CHD emission from the commercial product®, 1315] Likewise,
evidence presented later suggests that-OHjeneration is acid catalyzed and audic wood

extractives will likely play a catalytic role.

Figure 3.2 shows tissue maturity effects in Nestged/Neverheated Virginia pine for
trees 38. CHO levels ranged fromaboutd >3k 3 2F RNE 622RX 02 YLJ NI
Meyer and Boehmél] and also by Weigl et g¥4] when using the perforator (boiling toluene)
extraction on pine specimens. Recall that tree 8 was diseased, but i@ Ghtent was not

unusual. Among trees-3, it appeared as if tissue maturity effectgere effectively random;
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there was no significant effect in tree 4, and in trees 3, 5, 6, and 7 tissue maturity effects were
seen but with no sensible pattern. UsiRgnus sylvestrjaNeigl et al. found that juvenile wood
contained less CGI@ than mature wod. Similarly, Dix and Raffa¢l6] showed that
particleboard made withPinus sylvestribeartwood generally emitted less &bl than when

using the corresponding sapwood (althghujuvenile woodvas not explicitly identified).

O Never-heated O Heated

1. Never-dried 3. Never-dried
o L30
5 o o) o S
e 109 8 o L20 2
-~ |8 8 o gl z
= ©
'g) 1 O 10 o
E’ 10- 1 2 3 1 2 3 60 E’
5/ g] 2 Dried (P,0) 4. Dried (P,0,) 5’
™ 8 O 4o £
5 ° o ©
4] 8
6] 8 3 8 L 20
2
4 5 6 4 5 6
core #

Virginia pine, tree3, juvenile

Figure 3.1. Typical within core, and between core, variability inoGHontent, and in Gl
generation, among cores from the santeee (Virginia pine tree 3, juvenile tissue), under

different drying and thermal treatments as indicated. Note ordinate scales vary.

When comparing Neveiried/Neverheated to Nevewdried/Heated specimens, Figure
3.3 demonstrates the weknown impact of kating[17-19] on biogenic C¥D generation, and
in this case tissue maturity effects became clear. Heating increased th@ Gdthtent by a
factor of 334 in juvenile wood, and by a factor of6Z in mature wood. Upon heating, the
mature tissue always exhibited a higherOHcontent, andthe generation potential (factor
increase) was greater in mature tissue for trees 3, 4, 7, and 8. The tre@ Géheration
potential requires correction for levels found in Neaxdsted/Neverheated specimens; but that
was not applied to Figure 3.3, and tlerrection had little impact on the factor increase.
Mature Virginia pine contained less extractives and more water than juvenile wood (Table 3.1).

For trees 3, 4, 7, and 8, perhaps the greater moisture content in the mature tissue explains the
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greater CHO generation potential, but both tissue types were likely above the fiber saturation
point. Again, the variability within and between trees was notable, and the diseased tree 8
appeared normal in comparison to the healthy trees. If the behavior showngird=3.3 is
applicable to commercially significant southern pines RBeus taedait is apparent that CiD
generation during composite hgiressing could be highly variable. The potential impact on
panel emissions seems obvious, but the precise relatignbetween biogenic GB generation

and actual product emissions is currently unknown (discussed later).

5 — Virginia pine: Never-dried/Never-heated
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Figure 3.2. Average CHD content in Nevedried/Neverheated Virginiapine, trees 38, for

8*
Tree #

juvenile (J) and mature wood (M). Each column averaged owv8r cbres with 24
measurements per core; numbers above columns indicate total number of measurements.

*Tree 8 was diseased. Error bars = + 1 standard deviation.

As in Virgira pine trees, yellowpoplar trees exhibited a similar degree of variability
within and between trees, Figure 3.4. However in Nedweed/Neverheated yellowpoplar the
heartwood always exhibited a higher f£LHcontent than sapwood. The extractives contemt i
the respective tissues was about the same, but the composition is known to differ; and the
heartwood had higher moisture, Table 3.1. Upon heating theQQk¢neration potential was
greater for the sapwood (increasing by a factor of1B), whereas in heawvood the CHO

content increased by a factor o2 The lower CHD generation potentialof yellowpoplar
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heartwood might be due to G reaction with aporphine alkaloids (phenolic and nonphenolic)

that occur in the heartwood at levels of about 1% wherea$y trace quantities appear in the
sapwood [20, 21]

Virginia pine:  [_] Never-dried/Never-heated
9 Il \ever-dried/Heated

60 —

CH,O (mg/g dry wood)

5 6
Tree #

Figure3.3. Demonstration of heating effects on &pigeneration potential from average &M
contents of Nevedried/Neverheated and Nevedried/Heated specimens in juvenile (J) and
mature wood (M). Each column averaged oveb tores with 24 measurements per core;

numbers above columns indicate total number of measurements. *Tree 8 was diseased. Error
bars = + 1 standard deviation.

A general species comparison was conducted by pooling all yptpvar data and
comparing it to Virginia pine da pooled over trees -B (tree 8 being diseased), Figure 3.5.
Considering Nevedried/Neverheated specimens, it was determined that living yeHoaplar
trees contained more GB than living Virginia pine. This suggests thai@Ckeimissions in the
drying sage might be greater when processing yelpaplar as compared to southern pine.
Yellowpoplar wood appeared to generate more £LHwhen heated (Nevedried/Heated).
CHO generated in yellowoplar heartwood was significantly greater than that generated in
Virginia pine juvenile wood (p << 0.01); but when comparing yeatloplar sapwood to Virginia

pine mature wood the difference was less significant (p = 0.11)
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. Yellow-poplar:  [__] Never-dried/Never-heated
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Figure3.4. AverageCHO content (Nevedried/Neverheated) and CHD generation potential
(Neverdried/Heated) in yellonpoplar, trees 15. Each column averaged over 15 total

measurements where heartwood (H) and sapwood (S) specimens were respectively randomized

among 48 caes from the same tree. Error bars = £ 1 standard deviation.
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Figure3.5. Average CHD content (Nevedried/Neverheated) and CHD generation potential
(Neverdried/heated) forVirginia pine trees-8 (1-3 cores per tree, 2 measurements per core)
and yellowpoplar trees 15 (68 cores per tree with respective tissue types randomized among

cores from the same tree, 3 measurements per tree). Numbers above columns indicate total

number of measurements. Error bars = + 1 standard deviation.
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Effect of drying agent: FOs vs. molecular sieves

[_INever-dried [EP,0, dried [l Molecular sieves dried

60 —
23
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pan)
© i
= 17
26
?, 20 —
O, 17
I
o ’ 56 33 55 37
38 i 38
0
Never-heated Heated Never-heated Heated
Juvenile Mature

Virginia pine

Figure 3.6. Effect of drying agent ¢ vs. molecular sieves) on &Mcontent and CED
generation in Virginia pine. Newdried specimens: trees-3;, POs dried specimens: trees-4;
molecular sieves dried specimens: tree¥;51-5 cores per tree. Numbers above columns

indicate total number of measurements. Error bars =stahdard deviation.

While analyzing Virginia pine, it was observed that room temperature drying often
increased the CH¥D content measured in wood. This was surprising given that no specimen
heating occurred. Meyer and Boehme made similar observations dfteng pine, spruce, and
Douglasdfir at 30°C; drying resulted in increased.OHemission from solid wood (but drying
substantially reduced emissions from solid ogk).When drying resulted in greater emissions,
Meyer and Boehme suggested that LHgeneration must have occurred even after ithe
specimens were dried. This hypothesis cannot be refuted, but it seems questionable since over
short periods elevated temperatures are required to form biogenic formaldehyde (data not
shown). In any case, we became suspicious that room temperature dryitigg presence of
P.Os might lead to catalytic effects from phosphoric acid contamination. Consequently, the
effects of room temperature, vacuum drying in the presence of eith€ Br molecular sieves
was studied, Figure 3.6. In the absence of heatimyaverage it was found that drying always
caused an increase in &b contentin juvenile and mature Virginia pine; but this increase was

significantly less when drying with molecular sieves as comparedQa FPhis suggests that
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phosphoric acidcontamination could catalyze @Bl formation. This assertion is supported
when considering the effects of heating, where drying with molecular sieves resulted in less
heat-generated CED as compared to drying withe®. From this analysis we concluded that
P-Os should never be used to dry wood that is intended for chemical study. Furthermore the

remaining discussion will only feature specimens dried with molecular sieves.

Species effects in drying

[_1Never-dried/Never-heated

15 4 mE Dried/Never-heated 5

15

10 1

5 37
33 15 15

38 38

CH,0 (mg/g dry wood)

Juvenile  Mature Heartwood Sapwood
Virginia pine Yellow-poplar

Figure 3.7. Effect of drying (with molecular sieves) on theOHcontent in Neveheated
Virginia pine (trees-8) and yellowpoplar (trees 15). Numbers above columns indicate total

number of measurements from-3 trees, 18 cores petree. Error bars = + 1 standard deviation.

To further consider the effects of drying on £LHcontent in Neveheated specimens,
Figure 3.7 compares Virginia pine to yelpaplar. Unlike Virginia pine, it was found that drying
caused no significamdhange in the C# content of yellowpoplar wood. This result is similar to
that of Meyer and Boehme, but only in that the behavior of softwoods and hardwood is very
different. Meyer and Boehme found that drying caused a significant reduction £ Céhtent
in oak.[1] Initial consideration migt suggest that drying (without heating) would result in a
CHO content reduction. However if hemiformals dominate the equilibria in wood, thextOCH
retention would increase as drying proceeds. Regarding the effects of drying on hardwoods, the

discrepancywith Meyer and Boehme might be explained by the different drying conditions
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employed. In this work vacuum drying to a moisture content of less thaf22pwas employed,
whereas Meyer and Boehme dried specimens 8% moisture with air circulation. If these
observations are explained by the moisture dependent hemiformal equilibrium, then one could
conceive relatively simple methods to reducetO content in wood, where increasing moisture
promotes CHDO release[11] Nevertheless it is perplexing to find that £Hcontent is higher in
softwoods after drying. As Meyer and Boehme suggested, it is possible that biogefici<CH
generated during the course of drying and asay otherwise there must be an unknown
mechanism that affects the G8 equilibrium in softwoods. If the latter case is true, then

perhaps softwood extractives play a unique role.

When heated at 200°C for 10 minutes, wet wood generates significantly @bi@®,
Figure 3.8. Since it appears that acids catalyzg€GQGjéneration (Figure 3.6), it is reasonable to
conclude that naturally occurring wood acids would be less active when wood is very dry.
Furthermore, heating at higher moisture contents is expectechydrolyze wood esters and

release more acids that catalyze a corresponding increase @ Géheration.

1 1 Never-dried/Heated
Il Dried/Heated 15
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Juvenile  Mature Heartwood Sapwood
Virginia pine Yellow-poplar

Figure3.8. Effect of moisture content on heat generation of LLHVirginia pine (trees &, 1-5
cores per tree, 22 measurements per core) vs. yellpeplar (trees 15, 68 cores, 3
measurements per tree). Numbers above columns represent number of measurements. Error

bars = + 1 standard deviation.
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Recall that the diseasl Virginia pine tree 8 did not exhibit unusual behavior when
Neverdried/Neverheated (Figure 3.2) or Nevdried/Heated (Figure 3.3); GB content and
generation fell within range of the seven healthy trees. However for Dried/Heated specimens
(dried with molecular sieves), tree 8 generated much more@ithan trees 5 and 6. Too little
data is presented to reach a firm conclusion, but we could reasonably expect trees to exhibit
diseaserelated changes in GB generation due to changes in extractives conipms [23].
However it is not clear why Virginia pine tree 8 would appear normal when Miiezt, but
abnormal when Dried/Heated. Perhaps the reduced acid activity in the dried and diseased tree
impedes CkD scavenging (reaction) by phenolic extractives, wagrgcavenging mechanisms
in healthy trees are different and less affected by reduced acid activity. This convoluted
conjecture is feasible, but perhaps the more important message is that among all possible

biological variable€HO equilibria in wood coultde very complex.

Virginia pine: [_] Dried/Never-heated 5 3

Il Dried/Heated

CH,0O (mg/g dry wood)

Figure3.9. Effect of disease state on &b content and generation from molecular sieves dried
Virginia pines, trees 5 and 6 healthy, and tree 8 diseadd¢uimbers above columns represent

number of measurements; each column averaged ovBrcbres, 3 measurements per core.

Error bars = + 1 standard deviation.
Species effect: GB content and generation

Recall from the experimental section that radiata ps@ecimens were received after

drying, and the comparison to Virginia pine and yelfgoplar is shown in Figure 3.10. When
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heated, the CkD contentin dry radiata pine increased by a factor of-82, whereas the
increases for Virginia pine and yellgeplar were by factors of 4 and 39, respectively. We
should expect higher GB levels in radiata pine when heated at higher moisture contents,
Figure 3.8. The extraordinary §M generation in radiata pine suggests that compliance to
emissions regulations ctdibe troublesome for radiathased composites, noting that all &M
determined in this work is capable of gaseous emission (moisture dependent emission). As
mentioned, the precise relationship between biogenic.GHevels and actual composite
emissiors is currently unknown. Howevera direct relationship seems reasonable, as
demonstrated by Birkeland et §b] who measured significant biogenic emissions from panels
bonded with neadded CHO adhesives. Birkeland et gdb] demonstrated that biogenic
emissions dissipated 120 days after hopressing (storage at 50% relative humidity, 23°C).
Consequently, special measures might be required to meet emissions regulations in-radiata
based composites (verified to the authors fromerponal communication with industry
representatives). Note that both pines exhibit tissue maturity effects. Mature wood in Virginia
pine generates significantly more g&MHthan juvenile wood (p << 0.01), but the effect is less

significant in radiata pine (p 0.07).

Compared to Virginia pine, what could explain the extraordinaryOCk¢neration in
radiata pine? Among the structural wood polymers, the available literature indicates that lignin
generates much more GBA than the polysacchariddg], consistent with our findings to be
published later. It seems unlikely that lignin effects would explain the differences observed in
Virginia and radiata pine. Consequently, a plausible hypothesis could involve differences in the
extractives. Three scenarios should be considered: 1) that extractives directly genep@teZTH
that extractives scavenge (react with) £CH or 3) that extractives catalyze f£LHyeneration,

perhaps in lignin. The first scenario is known to occur, and steeitgence exists for the second

2].
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Figure 3.10. Species effect on GB content and generation from molecular sieves dried
specimens. Number@bove columns indicate number of measurements. Virginia pine: tregs 5
1-5 cores per tree, 24 measurements per core. Yellgoplar: trees 15, specimens
randomized among -8 cores, 3 measurements per tree. Radiata pine: 2 trees, specimens

randomized amaog 4 cores, 3 measurements per tree. Error bars = + 1 standard deviation.

Schafer and Roffa¢®] provided data that suggests a catalytic role for extractives, but
they did not discuss it. When heated (150°C, 3h), unesechpine generated GH | . Hyy >3k
RNE 622RX FYR SEGNIOGSR LAYS 3ISYySNIGSR wmcT >
extractives removal (4% extractives). Using pure specimens, they also demonstrated that pine
fatty acids and the resin acid, abiefcid, directly generate GB when heated similarly; but
abietic acid was far more productive, generatingtH ' G mTtd >3k 3I FoOoASGAO
numbers and assuming direct &MHgeneration by abietic acid, if this pine wood contained 4%
extractives in lhe form of pure abietic acid, removal should cause only a 3% reduction,(d CH
3SYSNI 4GSR 06e& KSFGAy3aId Ly 20KSNJ g2NRax>x { OKNTSN
could be acting as catalysts, indirectly generating much mor®©Ghkhn is diredy generated
from their thermal decomposition. The catalytic role of pine extractives isOCk¢neration by
wood is a plausible hypothesis that must be verified. It is also plausible that every combination
of scenarios 1, 2, and 3 mentioned above could@fCHO generation by wood (and implicit to

scenario 1 is that lignocellulose could catalyze@gkeneration by the extractives). Perhaps this
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explains some of the findings in this work where influential parameters such as tissue type,
moisture content, ad disease state appeared to be highly complex and variable within and
between tree species. Hopefully future studies will reveal the precise mechanisms of biogenic
CHO generation. Perhaps we could manipulate those mechanisms to redu€e ébissions in
wood composites, or even use biogenic,OHo improve composite performance regardless of

the adhesive technology.
3.5.Conclusions

As was well known, wood naturally contains.OHand it generates much more when
heated at 200°C, 10 min. This study documeriteese effects in increment cores sampled from
living trees, eight Virginia pine, five yellgplar, and two radiata pine trees. Significant
variations within and between trees of the same species were observed as expected. Besides
this normal variationpther influential parameters appeared to be complex and highly varied.
For instance tissue types (juvenile/mature, heartwood/sapwood) sometimes correlated to
higher CHO contents and greater he@feneration potential; but sometimes not depending
upon tree species. When heated, wet wood (near or above fiber saturation) generated more
CHO than did dry wood, consistent with an acid catalyzed mechanism (and separate evidence
for acid catalysis was found). Heating increasedCldvels anywhere from-80 times that in
unheated wood, depending upon tissue type, moisture content, and specie Stavenging
effects were perhaps detected in yellgpoplar heartwood. The diseased state of one Virginia
pine tree did not correlate with unusual results when the waweas wet; but after drying there
was evidence for greater hegieneration potential when compared to two healthy trees. Most
remarkable was that radiata pine generated extraordinarily highCCldvels when heated, far
exceeding that in Virginia pine and lsV-poplar. It was hypothesized that the remarkable
behavior of radiata pine might be related to extractives effects. It was suggested that pine
extractives might catalyze @Bl generation, perhaps in lignin. Considering the manufacture of
wood-based compases, the findings suggest that compliance with,OHmissions regulations
can be complicated by biogenic f£Hthat is created in the hegress. The precise relationship

between biogenic CI® levels and actual composite emissions is currently unknown. Hawe
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it is known that all C¥D measured here is capable of gaseous emission, and higher moisture
levels promote emission. If we could reveal the precise mechanisms ) Gidgenesis in

wood, we could perhaps manipulate these mechanisms for beneficial pagpo
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Chapter 4Formaldehyde in pine wood forms as predicted by lignin acidolysis

Guigui WanandCharles E. Frazier
Macromolecular Science & Engineering, Sustainable Biomaterials

Virginia Tech, Blacksburg VA 24061, U.S.A
4.1. Abstract

Pinus virginianavood was heated (200°CQIor 60 min) while dry oaqueous/acidor
basepretreatment in order to reveal mechanisms of formaldehyde @Hyeneration. Among
wood structural polymerslignin was the overwhelming source of biogenic;GHconsistent
with prior reports. The effects of wood extractives were ignored and reserved for a later report.
The selection of acid catalyst strongly affected@ldeneration as predicted in the acidosysi
literature of lignin model compounds and isolated lignins. Lignin methoxyl cleavage was also
observed, but was considered an unlikely source of thermochemicgD CRegarding woaed
based composite manufacture, the implications are that lignin reactiomsbsamanipulated
during hotpressing. Potential benefits include reduced product emissions, and/or novel
crosslinking strategies using biogenic2OHPerhaps even lignin repolymerization could be

promoted for benefit, in direct opposition to biorefineryrategies for lignin removal.
4.2.Introduction

Wood contains natural, biogenic formaldehyde §Ol and heating generates much
higher levels that vary according to wood moisture content, tissue type, and tree spieéées
Biogenic CD levels can vary dramatically for reasons that are uraerstood. For instance,
Tasooji et al. demonstrated tha®inus radiatagenerates 2 times more CHD than does
Liriodendron tulipiferaand Pinus virginianawhen heated at 200°C (10 min|s] Catalytic
interactions involving wood extractives might explain species effects, but this and other
hypotheses must be examined if we hope to control biageDHO. [5] CHO emissions from
nonstructural woodbased composites have long been regulated, but the intended target was
KERNRfRUAOITte dzyadlofS IYAy2 NBaAyaod ¢KS | dzi
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emissions regulations have been met with new amiasin technologies. However, persistent
anecdotal reports cite complications attributed to biogenicxOHThese concerns motivated an
industry/university cooperation to reveal mechanisms obQGlldeneration in wood so that they

could be manipulated for somgenefit.

All organic wood components are capable of generatingOCHut lignin appears to be
the major source3, 6]. Wood extractives are not addressed here, but it is known that the
extractives will directly generate @BI[3], or they may catalyze QB generation[5], or they
react with CHO such that emissions are reducdl2]. Excluding extractives, this is a study of
Virginia pine Rinus virginianpto determine the CED generation potential of its structural
biopolymers. Specimens were heated at 200°C for 10 or 60 min, where the 10 min treatment
simulates industrial hepress conditions. Under relatively mild heating conditions (~25°C
200°C) it has often been reporteldat hemicelluloses are the least thermally stable polymers in
wood, and that lignin is substantially more stabj&3-19] However, these conclusions were
based upon the detenination of acid insoluble lignin (Klason lignin), which is a crude analysis
that does not reveal subtle changes in lignin structure. Preferred methods for assessing the
thermal stability of in situ lignin are the lignin monomer analyses such as thiogsis{@D, 21]
and derivatization followed by reductive cleavage (DFRE) For example, thioacidolysis
aK2ga UK Lkalyl ethex Hoyids \indeérgo substantial cleavage and repolymenizadit

heating conditions that effect little or no change in the hemicellulof2%25]

Like most woods, Virginia pine is naturally acidic and in situ lignin thermochemistry
might be described by the classic lignin acidolysis literature. Extensive acidolysis studies on
Y2RSf 0O2YLRdzyRa | yR A aarktheSoend$ akedayily gleavedwaRA O G S
benzylic carbocation reacting in one of two pathways, C2 cleavage or C3 cleavage, Figure 4.1.
[26-31] C2 cleavage produces ££H a phenylacetaldehyde derivative, and a free phenol;
GKSNBI & /o OfSI@FI3aS LINPRdAzOSA (K lativdozaurgentt Qa 1 S
of these pathways depends upon the nature of the acid cata[#&, 33] This suggests that
CHO formation in whole wood could be manipulated by the selecbbexternal acid catalyst.

That prediction is confirmed here, where fLHgeneration in Virginia pine is studied under

various heating conditions.
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4.3.Materials and Methods

Two healthy Virginia pineP{nus virginianp trees, 7680 years old, were felled in a
natural, wooded region (~4 ha) east of Blacksburg, VA, U.S.A., (Nellies Cave area). Stem sections

(~15 cm thick) were cudtom locations that were 1.1.3 m above ground.

Tree 1: fresh sections were air dried for 7 days, immersed in water for 3 days, debarked,
and processed into flakgg0x100x0.5 mm, tan.xlong.xradThe first 10 years of juvenile tissue

was excluded. Flakewere stored in the open laboratory at room temperature for ~5 months.
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Prior to aqueous pretreatment/heating, flakes were razor cut into smaller piee@$x0.5x0.5

mm).

Tree 2: fresh sections were processed into flakes as above, but immediatelyediftey
with no water immersion, and no opedir storage; juvenile and mature tissues were combined
and randomized. Specimens were stored8Qa°C. Also obtained from tree 2 were six increment
cores (5 mm dia) at ~1.4m above ground from a 100 area; theywere transported to the
laboratory and razor cut into ~1mm thick disks; juvenile (firstid§s from pith) and mature
(last 6070 rings) tissue was isolated and stored&Q1°C. Sampling, processing, and storage of
all tree 2 specimens was conducted apidly as possible in order to minimize atmospheric
exposure; from harvest to final storage, 12 hrs elap$&tbr to aqueous pretreatment/heating,

specimens were razor cut into small pie¢e8.5x0.5x0.5 mm).
Specimen pretreatment/heating/CkD measurement

Specimens were dried by cycling between vacuum (0.15 mm Hg) and:gdirée
times, and then stored with dry /P.0s (tree 1) or dry Mmolecular sieves (tree 2) until
reaching constant weight. Prior to heating, unextracted specimens were pretreattdl@ss:
1) Dry control, no treatment, 2) saturated in HPLC water, 3) saturated in 10 mmol acid, 4)
saturated in 10 mmol NaOH. Saturated specimens were subsequently adjusted to 100%
moisture content. Heat treatments were conducted in sealed 50 ml serurtielsofior 10 or 60
min. [4] The CHO generated during heating remained sealed in the serum bottle and was
determined as in4]. Specimens were identified with respect pretreatments prior to heating
(Dry; HO; Acid; Base) and heating time, i.e. Dry/10, Acid/60, etc.

Cellulose (SigmaAldrich, pwder, cotton linters) and xylan (Sigrddrich, beechwood,
XpE2S [t[/ 3INFRSO 6SNB LINBGNBI (.6 Betetminatibneag @S =

above, using 100 mg specimens.
Compositional analysis

Specimens were Soxhlet extracted (95% ethanohal@s), ground, sieved to retain the

>40 mesh fraction, vacuum dried, and subjected to duplicate compositional analysis as in
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NREL/THB1042618: Determination of Structural Carbohydrates and Lignin in Biomass. lon

chromatography (IC, Metrohm) was used $ogar analysis.
Buffer Capacity

Unextracted tree 1: ground and sieved to retain the&Dmesh fraction, then vacuum
dried over N/P.Os. Roughly 3 g powder suspended in 300 ml NaCl (1 mM) solution for 30 min
with continuous stirring under Nl thentitrated with NaOH standard solution (25 mM) to reach
pH = 10 for acidic buffering capacivy;titrated with HCI standardolution (25 mM) to reach pH
= 3 for alkaline buffering capacity. Analyses conducted in triplicate. Duplicate analyses of
unextractedtree 2 specimens (0.2 g mature tissue) were conducted similarly using particles >40
mesh, and titrated with standard solutions with concentration 20 mM in 100 ml saline. All

buffering measurements were corrected using blanks (saline solution without wood)
Thioacidolysis

Unextracted tree 2 and tree 1 specimens (mature tissue) were subjected to heating as
described above, and control specimens (no heating), were Soxhlet extracted (95% ethanol, 48
hours), air dried, ground and sieved to retain > 40 mieabtion, then vacuum dried as above.
Roughly 10 mg extracted wood powder reacted with 10 ml thioacidolysis reagent
(dioxane:ethanthiol:Bfetherate=43.75:5:1.25, v:v:v) in a 20 ml screap test tube (under dry
N2, 100°C, 4 hours) with continuous stirrjrag described by Lapierre etf20, 21]

Methoxyl Content Determination

Tree 2 specimens (mate tissue) were Soxhlet extracted (95% ethanol, 48 hours),
ground and sieved to retain > 40 mesh fraction, and subjected to duplicate analysis as in ASTM

D116684: standard test method for methoxyl groups in wood and related materials.
4.4. Results andiscussios

When tree 1 specimens were heated at 200°C (60 min) in the dry state (no aqueous
pretreatments), CkHD generation correlated with major thermochemical changes in lignin and

minor changes in the polysaccharides, Table 4.20Ck¢neration was aha 30 times greater
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than previously reported for similar specimens heated at 200°C for only 1d%hismong the
sugars only minor to moderate reductions in xylose and arabinose were observed. Whereas
thioacidolysis yields decreased dramatically, while the total (soluble + insoluble) lignin content
increased slightly. This indicates substantial lignin vdlga and repolymerization and, as
previously reported, demonstrates that Klason lignin analysis is inappropriate for judging
thermal stability in lignocellulosg3-25]. As per the lignin acidolysis literature, it appears that
CHO was generated through the C2 clage pathway, while the polysaccharides were largely
resistant to heating. This interpretation is consistent with the prior analysis of isolated lignin,
cellulose, and monosaccharidg3] It is reemphasized that wood exictives are not addressed
here, and the complex role played by the extractives will be reported later. In that regard, wood
extractives from tree 1 were likely altered through air oxidation since tree 1 specimens were

stored inthe openair for five montts.

Table4.1. CHO generated in dry, tree 1 specimens due to heating (200°C, 60 min), and the
corresponding compositional analysis and thioacidolysis yield of experimental and control

specimens. t&ndarddeviations in parenthese 0y X o0 ®

Compositional analysis Thioacidolysis Measurel
o )
Tree 1 (% dry wood mass) yield CHO
glu Xyl gal ara man Totallignin o>Y2fk3al g2
Control 444 68 42 11 127 28.1 287.5 0.4
0.5 (0.0 (0.2 (0. (0.0 (0.0 (13.9 (0.7
Dry/60 442 66 41 09 126 28.6 33.5 44.3
1. (. (0.1 (0.0 (0.2 (0.7 4.2 (6.3

Tree 2 specimens were processed to minimize aging effects and subjected to a broader
and more damaging array of thermal treatmentdry and wet conditions, with or without
tosylic acid catalysisvhere CHO generation was accompanied by thermochemical changes in
both lignin and the polysaccharides, Table 4.2. As above, heating under dry conditions caused
little or no sugar decomposition; whesis aqueous pretreatments caused significant sugar

degradation that was more extensive under acid catalysis. As thermal treatments became more
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extreme, CEO generation increased, yields of soluble and insoluble lignin increased, and the
corresponding thioadolysis yields decreased. However note thaDH0 specimens generated
CHO with no detectable reduction in thioacidolysis yield. This might suggest that incipient
CHO generation is dominated @ NX I O&i Ihkages (ROt detected in thioacidolysis); but
this is in contradiction to model compound studigd], and the anomaly perhaps indicates a
deficiency in thioacidolysis sensitivity. Note that lignin methoxyl groups were cleaved by
agueous treatments with and withd external acid catalysis, and to an extent far exceeding
CHO generation. The resulting methanol is not expected to forreaGCtHermochemically, but

the corresponding lignin catechols are noteworthy for potentially significant reactions. The
sugar decompsition noted in Table 4.2 raises the distinct possibility that polysaccharides
contribute to CHO generation under more damaging heat treatments. If so, then
monosaccharide decomposition did not lead to an equimolar production eOCEbnsistent

with the known propensity of monosaccharides to form furans and relatively littl€©Jd4, 35]

Insight on the potential G generation by wood polysaccharides was obtained by
subjecting isolated cellulose and xylan to 200°C, 10 min heating with water and acid
pretreatment, Table 4.3. Netthat all unheated control specimens containecbGHparticularly
high in xylan) and the G8 yields were corrected for this initial content. Relative to simple
water pretreatment (HO/10), acid catalysis increasedOHjeneration in xylan and cellulose 2
4 times; but acid catalysis in whole wood increasedCCgeneration seven fold. If @B yields
from isolated cellulose and xylan are downwardly weighted for their respective compositions in
whole wood, their total contribution to GI® generation in whold¢issue would range from-2
3%.

Schéafer and RoffagB] conducted similar work using isolated cellulose and various pure
monosaccharides; their findings suggested that the polysaccharides would contribute to much
less than 1% of the total GBI generated in whole wood. Obuarse isolated polysaccharides
and monosaccharides are probably poor models of in situ polysaccharide degradation. For
instance, when isolated cellulose and xylan were heated in the dry state (i.e. Dry/10), the

measured CHD yields (data not shown) far eeeded the corresponding polysaccharide
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degradation noted in Table 4.2. The models for in situ polysaccharide used here, and elsewhere

[3], are poor and incomplete.

Table 4.2. CHO generated in tree 2 specimens due to 200°C heating (10 or 60 min) under
various conditions, and the corresponding compositional analysis, methoxyl content, and
thioacidolysis yield of experimental and control specimertandard deviations in pargheses

0Oy X HULO

0 of | i
/6 Sugar 6 Lignin Methoxyl Thioacid.
Content  Yield CHO
Tree 2 based on dry wood mass
glu xyl gal ara man Sol. Insol. >Y2f k3 RNE

428 6.1 26 14 149 24 26.0 1596.9 314.6 0.1

Conol vy ©1) 00 (00 (01 (01 (0.3 (1484 (2 (0.1
oyl 427 62 27 13 149 25 260 ] ] 0.9
01 (0.6 (03 (00 (00 (01 (0.3 0.2
hono 413 45 19 07 134 36 272 10065 3282 4.2
00 (0.0 (01 (01 (0.) (01 (0.3 484 (149 (1.4
ncigjior 202 40 15 06 127 38 280 1032.3 1007  29.7
01 (01 (00 (01 (00 (01 (0.0 (323 (183 (4.9
oryeo 425 60 25 11 148 26 263 ] ] )
(1) (01 (01 (00 (02 (0.0 (0.0
holo 398 35 14 05 99 45 31.8 8743 1525  42.0
02 (0.0 (00 (00 (00 (02 (0.2 (93.6 38 (19
Acidigor 341 20 11 05 61 58 38.8 7355 263  120.1
0.) (0.0 (0.0 (00) (0.0) (0. (00) (51.9 7.0  (3L7

*10 mM tosylic acid“Duplicate analysis

Nevertheless, when considering all observations, Tables48,1we suggest that
polysaccharide degradation contributes to less than 5% of the totaDQ}¢nerated in whole

tissue; and during milder heating conditions it is probably much less than 1%. Other methods
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are required to prove this hypothesis, and once again be reminded that effects from wood
extractives are simply omitted here. A definitivetpre of CHO generation and its origins in
whole wood could feasibly be obtained through the analysis of carbon isotope ratios. Stable
isotopes undergo increasing degrees of fractionation as metabolic pathways are further
removed from carbon fixation.36-38] Consequently, careful measurement of carbon isotope
ratios in biogenic G should reveal the relative contributions$ lignin, polysaccharide, and

extractives.

Table 4.3. CHO generation from isolated cellulose, xylan, and tree 2 mature tissue due to
200°C, 10 min heating with.@ and acid (TsOH) pretreatment, and initialdls in unheated

controls. $andard deviations in parenthesen = 3.

Measured CHDO

Cellulose Xylan Tree 2

>Y2f k3 RNE

Control* 0.1 1.0 0.1
(0.0 (0.1 (0.1)
0.3 0.4 4.2

H,0/10
g (0.2) (0.2 (1.4)
Acid/10 1.0 0.8 29.6

0.2 0.9 (4.9

* Numbers for unheated controls specimel
subtracted from those of heated specimens.

Among the structural polymers, lignin appears to be the overwhelming source of
biogenic CED in lignocellulose. Consequently we should anticipate the manipulatidHgD
generation through the application of acid or alkaline pretreatments. Particularly in the case of
acid treatments, since the lignin acidolysis literature indicates that C2 cleavage is promoted by
acids having larger counterion82, 33]Largely this prediction appears to be true, as shown in
Figure 4.2. Among the acid halides studied, HBr anddte equally effective, and both were
more active than HCI. Between the sulfonic acids, dodecylbenzenesulfonic acid (DBSA) had a

much greater catalytic effect than tosylic acid, and tosylic acid was a little more effective than
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HCI. Note that phenylacei@ehyde (homovanillin) endgroups (produced by C2 cleavage, Figure
4.1) were not detected by carbgoroton correlation NMR. This suggests that repolymerization

occurred rapidly as Lahive et [81] found using model compounds.

Figure 4.2, sharply contrasted to agidetreatment was that NaOH did not promote
CHO generation; alkali slightly reduced it. This suggests that alkaline phenolic adhesives
(resoles) might suppress biogenic 2OHgeneration in wood composites. However, terminal
LIK S y 2dryReter, and phendl G5 structures are a known source of £LHemission during
alkaline pulping[39, 40] The alkaline reaction is initiated by phenol ionization and quinone
methide formation, whereafter a retr@aldol reaction releases @8 from the gamma sidechain
position to form syryl ethers and stilbenes. In fact styryl ethers were detected during the cure
of alkaline resol resins with pine woo41] Under this scenario alkaline treatment is expected
to promote CHO generation, but perhaps at lower levels than acids that react along the entire
chain length (However Sturgeon et §80] &4 dz33Sad GKIF G | OAR2fe&ara oA
initiated at phenolic endgroups). Since alkali gliglsuppressed G&@ generation (Figure 4.2),
perhaps phenolic endgroups did not react and acidolysis was suppressed by neutralization of
wood acids. In this regard note that the alkaline and acid buffering capacity of Virginia pine
specimens (tree 1 andde 2) was respectively 0.d508 mM HCI and 0.63.05 mM NaOH, so
the wood buffer capacity was easily exceeded by all acid and alkaline pretreatments used here.
Consequently it is surprising that alkaline pretreatment did not promoteGCHeneration

abovethat seen with neutral water pretreatment.

The findings here appear to confirm literature predictions that the lignin C2 cleavage
pathway can be manipulated in solid wod82, 33]This is a satisfying testament to the great
and continuing history of acidolysis research on lignin models and isolated lignins. The wood
composites industry should aspire to reap benefit from this field, which is still growing through
biorefinery reseech. For instance, lignin acidolysis studies reveal interesting strategies to
manipulate the reactions depicted in and related to Figure 4.1, where the general goal is to
improve delignification by preventing lignin repolymerizatif8il, 42, 43 44 In the context of

wood composite manufacture, perhaps in situ lignin reactions could be manipulatezbime
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benefit. Perhaps the intentional promotion of crosslinking through lignin repolymerization

and/or reactions of biogeni€HO could be useful.
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In loose analogy to the latter sa, it is probable that current industrial practice involves
the reaction of biogenic GB with the ammonium salts of amino resin catalysts. For instance,
ammonium sulfate is used to catalyze wfeamaldehyde resins where the @BYNH; reaction
releases BEBQ that catalyzes resin cur@45] The concept is demonstrated in Figure 4.3 where
it is seen that wood heat treatments with aqueous ammonium acid salts result in less
detectable CEHD. This C¥D scavenging prhces hexamethylenetetramine that reacts very
slowly with the acetylacetone reagent used for OHquantitation. [46] Nevertheless, the
choice of ammonium acid salt still impacted the C2 cleavage pathway, where ammonium
sulfate produced slightly more @Bl than ammonium chbride did (p = 0.18). Finally, it is clear
that the saturated wood conditions and acid concentrations used here do not reflect bondline
conditions in wood composite manufacture. Nevertheless, the effects anticipated during
industrial manufacture should riefct our findings. Furthermore, the free @M (including
hemiformals) dissolved in wood exists in a complex, moisture dependent equiliddlidone
have determined the precise relationship between gaseous emissions and the fe€e iCH
wood, but a direct relationship appears very likg#z, 48] Hopefully these findings can benefit

the woodbased composites industry, and the sustble use of timber resources.
4.5.Conclusions

Hot-press conditions used to manufacture wobdsed compositescause the
generation of natural, biogenic @B from wood. In order to reveal mechanisms of,GH
generation, Virginia pine specimens were subjected to heating under dry conditions and with
agueous/acid pretreatments. Among the wood structural polymersyas demonstrated that
lignin was the overwhelming source of biogeniccGHconsistent with prior reports. Well
established acidolysis studies of lignin model compounds and isolated lignins predict that in situ,
whole wood, reactions will follow the C2 oB Cleavage pathways depending upon the nature
of the acid catalyst. Observations here seem to confirm that prediction, where acids with larger
counterions promoted more GB generation via the C2 pathway. Not addressed here are the

complex effects wood erdctives, the subject of a subsequent report. The findings suggest that
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lignin reactions can be manipulated during composite manufacture to minimiz® €missions

from composite panels, promote other useful reactions, or both.
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Chapter 5Pine extractives control lignin reactions and the formation of

biogenic formaldehyde
Guigui WanandCharles E. Frazier
Macromolecular Science & Engineering, Sustainable Biomaterials

Virginia Tech, Blacksburg VA 24061, U.S.A
5.1. Abstract

Wood contains natural, biogenimrmaldehyde CHO), and heating generates much
more. Heat generation o€HO in Virginia pine and radiata pine was substantially reduced by
extractives removal, but there was no such effect in yelfmplar wood. Results ggested that
pine extractives promotéCHO generation by catalyzing or otherwise promoting C2 cleavage
(acidolysis) in lignin. Thioacidolysis demonstrated that pine lignin reactions were strongly
dependent upon the presence or absence of the extractives. When present, pine extractives
seemed to pomote C2 cleavagChHO generation), but otherwise reduced the overall extent of
lignin degradation. When pine extractives were removed, lignin suffered substantial
degradation, but apparently less C2 cleavage s@ig® generation was reduced. In contrast
thioacidolysis showed that yellepoplar extractives appeared to promote lignin degradation,
but extractives removal had no detectable impact GRO generation. Implications exist for
biorefinery research because it was shown that lignin reactions eastiongly affected by
wood extractives. Hopefully these findings will lead to new strategies for manipulating lignin

reactions during the manufacture of wodzhsed composites.
5.2.Introduction

Wood contains natural, biogenic formaldehyde §OH and heahg generates much
higher levels that vary according to moisture content, tissue type, and tree spgLiBgThis
has implications for the regulation of €M emissions from nonstructural wodzhsed
composites, where global trends have shown steady reductions in allowable emissions. These

long-standing regulations have targeted hydrolytically unstable amino resins, but the latest
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regulations restrict allowablemissions to such low levels that biogenic;GHnight impact
regulation compliance. While current emissions regulations have been met with new amino
resin technologies, persistent anecdotal reports cite complications attributed to biogen{@.CH
These cooerns motivated an industry/university cooperation to reveal mechanisms e©CH
generation in wood so that they could be manipulated for some benefit. All organic wood
components are capable of generating 2O but lignin is the major sourcg3, 6, 7]Recent
evidence suggests that lignin generates .@Hthrough the welknown lignin acidolysis
pathways, Figure 5.1[7][ A 3 yaliyhethér bonds are readily cleaved via a benzylic carbocation
acting in one of two pathways, C2 or C3 cleavage, where the former pathway generat@s CH
[8-15] In other words, acidolysis studies using model compounds and isolated lignins predict
that CHO generation in solidvood can be manipulated by the selection etternal acid

catalyst, and this was confirmef¥]

C2 cleavage

?

C3 cleavage
Figureb.1. Lignin acidolysis pathways; only C2 cleavage producgs.CH

However, that previous report ignored the influence of wood extractives, which
themselves might participate in lignin catalyqiS] or upon heating might directly generate
CHO; [3]or the extractives might reduce emissions by reacting with (scavenging). {1l8-21]
Schafer and RoffagB] provided data that suggested a catalytic role of wood extractives in
CHO generation; but the discussion of that possibilitypagred elsewhere[5] In the present
study, wood from three tree specieRifus virginiana, Lodendron tulipiferaand Pinus radiata
was studied with respect to the impact of extractives removal orCCHeneration during
heating (200°C, 10 min). The effects of extractives reconstitution (putting the extractives back
into Pinus virginianawood) wee studied. Furthermore, lignin transformations iRinus
virginiana and Liriodendron tulipiferawere studied using thioacidolysis as a function of

extractives removal and the corresponding hganeration of CkO.

95



5.3. Materials and methods

Increment core from Virginia pine, yelloywoplar, and radiata pine trees were sampled,
razor cut into 1 mm thick sections, and stored as described in a previous publicgjon.
Additionally, two healthy Virginia pine trees,-80 years old, were felled in a natural, wooded
region east of Blacksburg, VA, U.S.A., (Nellies Cave area). Stem sections (~15 cm thick) were cut
from locations that were 1.3 m above ground. Processiagd storage details specific to

these two Virginia pines are as follows.

Tree 1: fresh sections were air dried for 7 days, immersed in water for 3 days, debarked,
and processed into flakeg-70x100x0.5 mm, tan.xlong.xradThe first 10 years of juvenile
tissue was excluded. Flakes were stored in the open laboratory at room temperature for ~5
months. Prior to solvent extraction or specimen heating, flakes were razor cut into smaller

pieces(~0.5x0.5x0.5 mm).

Tree 2: fresh sections were processed intodkaks above, but immediately after felling
with no water immersion, and no opear storage; juvenile and mature tissues were combined
and randomized. Specimens were stored81°C Also obtained from tree 2 were six increment
cores (5 mm dia) at ~1.4 nbave ground from a 100 charea; they were transported to the
laboratory and razor cut into ~1 mm thick disks; juvenile (firstidgs from pith) and mature
(last 60670 rings) tissue was isolated and stored&Q1°C. Sampling, processing, and storage of
al tree 2 specimens was conducted as rapidly as possible in order to minimize atmospheric
exposure; from harvest to final storage, 12 hrs elap$tribr to solvent extraction or specimen

heating, flakes were razor cut into small pie¢e8.5x0.5x0.5 mm).
Fecimen solvent extraction

Specimens were dried by cycling between vacuum (0.15 mm Hg) and,dhyéé¢ times,
and then stored with dry MP2Os (Virginia pine tree 1) or dryJdinolecular sieves (Virginia pine
tree 2) until reaching constant weight, whefear solvent extraction occurred in one of two
ways. Soxhlet extraction: ~10 g of wood flakes, 95% ethanol, 200 ml/48 hours reflux. Room

temperature (RT) extraction: ~50 g wood flakes, 95% ethanol, 1000 ml/48 hours followed by
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fresh 1000 ml/24 hours, alltaroom temperature under high purity Nwith continuous
mechanical stirring, and with the extraction flask wrapped in foil to prevent light exposure.

After extraction, wood specimens were air dried, and then vacuum dried as described above.
Extractivessolation/fractionation

Extractives solutions from above were rotary evaporated (room temperature, 2.7 KPa;
20 mm Hg), then vacuum dried (room temperature, 0.02 kPa; 0.15 mm Hg) to yield the whole
raw extract (total extract). A portion of the total extra@& g) was dissolved into alkaline ethanol
(50 mL, 2M KOH in 95% ethanol); 50 mL water was added, and the mixture was partitioned
against CECb (3 x 50 mL). The combined organic phase was washed with water (3 x 50 mL),
dried with MgS@ and concentrated & above to obtain the neutral fraction. The alkaline
SOKIFIy2t az2fdziAzy 61 & FOARATASR (2 LELLEKS®L oA 0K
mL); the combined organic phase was washed with water (3 x 50 mL), dried withsMgf8lO
concentrated as laove to obtain the acid fraction. Total recoveries from this fractionation

ranged from 9193%, and extract samples were stored in closed vials unglat 110 C.
Extractives reconstitution into wood

Portions from the is@lted extractives (total extragtwhere dissolved int®5% ethanol
and subjected to serial dilution to provide 3 solutions covering a range of concentrations.
Reconstitution occurred by dipping dry, extracted pine flakes into these solutions (1 sec),
removing from solution and placed on petish, air dried and then vacuum dry as described

above.
CHO measurement

The CHO generation of wood specimens (~ 10 mg), and isolated extract specimens (~50
mg), was determined by heating (200°C, 10 or 60 min) within sealed 50 ml serum bottles that
retain volatiles and allow CB quantitation as previously describef22] Control specimens
(wood specimens: 20 mg, and isolated extract speosnel00 mg) weresubjected CHD

guantitation but never heated.

Thioacidolysis
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Thioacidolysis was conducted on Virginia pine (tree 2, mature tissue) and yosl|gar
(sapwood tissue) specimens as a function of extractives removal, and hé2B0YC, 1@r 60
min). Wood specimens were groutahd sieved to retain the >40 mesh fraction, vacuum dried
as above, then subjected to thioacidolydig, 23, 24]Specimens were identified by heating
time (10 or 60 min) with respect the sequence of extraction (E) and heating (H). For instance,
specimen H10/E, vgafirst heated (10 min), then extracted and analyzed by thioacidolysis;
whereas specimen E/H60 was first extracted, then dried, heated (60 min) and analyzed by
thioacidolysis.Consequently, all thioacidolysis reactions were conducted on extractiee

tissue.
5.4. Results and discussien

Increment cores were sampled from healthy, living Virginia pine, radiata pine, and
yellow-poplar trees, Tablé.1. From these increment cores, wood specimens were heated
(200°C, 10 min) in sealed containers that retaotatiles and allow for simple GB extraction
and quantitation.[4] The effects of extractives removal onOHyeneration are shown in Figure
5.2. Tree species and tissue type effects are seen, as described prejusir. bot Virginia
pine and radiata pine specimens, extractives removal significantly reducgd @#heration,
and the effects were dramatic in mature woo8chafer and Roffagiroduced similar findings
when removing extractives from spre and pine woodspecies not reported).3] In contrast,
CHO generation inyellow-poplar wood wasnot significantly changed by solvent extraction,
Figure 5.2. Consequently, pine extractives contribute teGCHeneration, either directly by
thermal degradation, or indirectlgerhapsby catalyzing lignin, grossiblyby both mechanisms.
Southern pine extractives mostly feature fatty acids and resin acids, whereas yediplar

extractives are mostly sesquiterpenes, lignans, and tanfizss28]
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Tableb.1. Specimerninformation for increment cores used in this study where the extractives
content (EC%) was determined through Sohxlet extraction and reported as a percentage based

upon dry wood mass. Standard deviations in parestte EC% for Virginia pine was averaged
over two trees|[5]
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Figure 5.2. The effect of extractives removal (Soxhlet) on.@Hyjeneration due to heating
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Given the role pine extractives play@HO generationflakes from Virginia pine tree 1
(aged in the open lab for 5 months) were subjected to two extraction techniques, either
standard Soxhlet extraction or simple room temperature (RT) extraction. Both extraction
methods were equally effective at removing gxig CHO (everheated specimens), but the
resulting CHO generation was strongly dependent on the extraction technique, Figure 5.3.
Extraction yields were 7.4% and 5.6% for Soxhlet and RT extraction respectively; so a 30%
reduction in RT extraction effency resulted in much greater &M generation, more than
three times greater than from Soxhlet extraction. The substantialOC#kneration resulting
from RT extraction seems disproportionate to a 30% reduction in extraction efficiency. This
might indicae that mild specimen heating during Soxhlet extraction altered the wood such that
CHO generation was reduced. Consequently, one wonders if Soxhlet extraction should be
excluded from lignin structural analysis. Likewise, Soxhlet extraction is expectedriade the
pine extract as shown in Figure 5.4, which compares thegOC#eneration of the isolated
extracts. Soxhlet extraction yielded 75% acid and 25% neutral fractions, where the former
generated the most GI® per unit mass of Soxhlet extract. In costtaRT extraction yielded
65% acids and 35% neutrals, and the@lgeneration from the neutral fraction far exceeded
that observed in any extract, regardless of extraction technique. Regarding the RT extract, it
seems that compounds in the acid and neutii@ctions counteract each other in the total
extract, because both the acid and neutral fractions exceeded th@® @neration of the total
extract. Such interactions among pine extractives will severely complicate the identification of
compoundspecificeffects on CkD generation, and no attempts were made to identify any
extractive compounds in this study. The complexities revealed in Figure 5.3 are probably further
complicated by air oxidation of extractives since Virginia pine tree 1 specimens wesd §10

the open lab for 5 months.
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Accordingly, a second Virginia pine (tree 2) was harvested and immediately subjected to
RT extractionyielding a fresh total extract (4% on dry wood) with air oxidation minimized. In
this case, RT extraction reduced-OHyeneration by 41% (corrected for existing@Gkh Never
heated specimens), Figure 5.5. Consider the unit mass contribution of extraitites direct
thermochemical generation of GHX G KSNBh (KOG KB G & é@> ACHO RSTAY !
generated per unit mass of heated material (for the totaldkt OG Ay CA I dzdBS p dp
CHO/g extract). With an extractives contentf 4%, and CHD activity stated, extractives
removal is expected to reduce €M generation by 1%. In other words, extractives removal
should reduce CiD generation in the extracted wood by 1%, if the extractives only produced
CHO by direct thermochemical mechanisms. 8ilbe removal of extractives caused a 41%
reduction in CHD generation, we conclude that pine extractives participate in catalytic
interactions that that promote CH¥D generation. This hypothesis was tested by reconstituting
the total extract back into thextracted flakes. Dry extractivieee pine flakes were dipped into
ethanol solutions of the total extract, dried, and subjectedd®O measurement as a function

of heating (200°C 10 min), Figure 5.5.
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Figure5.5. CHO content and heat generation (200°C, 10 min) from unextracted wivoled,
extracted wood, total extract, and reconstituted Virginia pine flakes. Number of measurement
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Notice that 12% reconstitution was required to reach the OHyeneration observed in
the parent, unextracted wood (having only 4% extractives); so the natural state of the
wood/extractives interaction was not restored by reconstitution. As reconstitution was
increased to 25%, the resulting &M generation was reduced because the total extract has a
lower CHO activity than the extracted wood.

I unit contribution from total extract

o5 . Il unit contribution from extracted wood

[difference

CH,0 (ng/g dry material)

7% 12% 25%
Extractives reconstitution level

Figure5.6. CHO generation in reconstituted pine flakes, where unit contributions of the total
extract (red) and extracted wood (blue) are presented, as calculated from the wood/extract
composition and theCHO activity (g C#D generated/g dry massy the total extractand
extracted wood. Initial i levels (Neveheated levels, Figure 5.4) were subtracted. Dash line

indicates CkED generation of the extracted pine.

The expected unit contributions to @Bl generation (summing the mass contributions of
the total extract and extracted wood) are presented in Figure 5.6. For each level of
reconstitution, it was observed that the total gblgeneration exceeded that which is expected
from the combined unit contributions of extract and extracted wood. We conclude that the
difference reflects a catalytic interaction between wood and extracti@héafer and Roffael
reported that solvent extraction of spruce and pine wood removetPR extractives, and that

this caused ~50% reduction in £LHgeneration due to heating3] They found that resin acids
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(i.e. abietic acid) had a larggHO activity, but & only 24% of dry wood mass, the unit
contribution from pure abietic acid does not simply explain a 50% reducti@Qt#® generation

due to extractives removal. Pine extractives clearly gene@i#), but not enough to simply
explain the reduction in G generation observed in extracted wood. Again we conclude that
pine extractives catalyze @Bl generation in lignin. Also feasible, but perhaps less likely, is that

wood polymers catalyze GBI generation in pine extractives.

Since lignin is the major sowof biogenicCHO in lignocellulose[3, 6, 7]it is feasible
that pine extractives catalyze, or otherwise affect, lignin reactions associated QKD
generation. Consequelyt, thioacidolysis was used to monitor lignin changes caused by heating
in the presence or absence of wood extractives (Bear in mindahadhioacidolysis reactions
were conducted with extractive free wood, as require@able 5.2 present€HO generatin
caused by heatingn(n ne/ = wmn 2NJ cn  YAY Opopla woBdA A lthe LIA Y S
correspondinghioacidolysis yields as a function of extractives removal. When Virginia pine was
first heated for 10 minutes and then extracted (H10/E), the thioacglslyield was unchanged
from that seen in the unheated control. However, when extraction occurred befonmihOte
heating (E/H10), the thioacidolysis yield was reduced by 58%, and the correspdigi@g
generation was reduced by 41%. Note that specime®/BlproducedCHO with no loss in
thioacidolysis yield. Perhapscipient CHO generation is dominated by reactior2@ts linkages
(not detected in thioacidolysis); but this is in contradiction to model compound stufié$,
andthe anomaly perhaps indicates a deficiency in thioacidolysis sensitvitgn heated for 60
minutes, the Virginia pine thioacidolysis yield was reduced by 52% when extractives were
present, but reduced by 66% when extractives were absent. In other wopts) removal of
Virginia pine extractives, heating wood results in substantially @4 generation and

substantially more lignin degradation. This is in stark contrast to yedloplar wood, Table 5.2.

When yellowpoplar extractives were removed, @Blgeneration from wood heating
was unchanged, and lignin underwent less degradation. Clearly, Virginia pine extractives
(and/or wood extraction processes), significantly affect lignin thermochemistry. Under the
catalytic hypothesis, pine extractives appearpgromote C2 cleavage (&M generation, Figure
5.1) while somehow limiting the overall extent of lignin degradation.

104



Table5.2. CHO generation in yellowpoplar (sapwood) and Virginia pine (tree 2, mattissue)
RdZNAYy 3 KSFGAY3 ounne/ X mMn 2Nl cn YAY0S FyR (KS
20aSNBIFGA2yas Yy x H T2 IméasvrenenGItaRdafd dedidtianEin I Y R Y

parentheses.
ChHO Thioacidolysis
generated yield % thio-
yield loss
>Y2ftk3al 62:
0.1 314.6
Control
(0.3 (5.2
4.2 328.2
H10/E 0
(1.4 a4.9
Virginia pine E/H10 2.5 133.4 58
(mature) (0.6 (39.9
42.0 152.5
H60/E 52
(1.8 (24.9
30.8 108.2
E/H60 66
(5.6 (2.9
0.1 441.7
Control 0.0 (18.5) -
4.1 388.1
H10/E 12
(0.3 (19.3
Yellow 3.9 4783
poplar E/H10 0.9 (283 0
(sapwood)
31.4 42.8
H60/E 90
4.7 (3.2
33.7 52.7
E/H60 88
(2.1 1.7

However when pine extractives aabsent, alternative lignin reactions (like C3 cleavage
and others) are strongly promoted, and presumably with less C2 cleavage becaxBe CH
generation is reduced. In summary, these observations indicate that pine extractives play a

major role in lignin themochemistry, apparently promoting C2 lignin cleavage >CCH
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generation) to an extent that far exceeds the extractives ability to directly generat®.CH
Furthermore, Virginia pine extractives appeared to prevent lignin thermochemical change,
whereas yellowpoplar extractives promoted lignin reactions. This could have important
implications for biorefineries, in that lignin removal could be complicated or even pronimted
specific extractive compounds. In the manufacture of wdaded composites, perhapsHig
reactions could be manipulated for some benefit, to reduce or even incréa® generation,

or otherwise promote lignin reactions that improve the performance of wbaded

composites.

5.5. Conclusions

Wood contains natural, biogenic &M and heating generates much higher levelsat
generationof CHO in Virginia pine and radiata pine was substantially reduced by extractives
removal, but there was no such effect in yellpoplar wood. Pine extractives directly
generdaed CHO, but not @mough to simply explain the reduction in £LHgeneration caused by
their removal. Results suggested that pine extractives promotgOQi¢neration by catalyzing
or otherwise promoting C2 cleavage in lignin. Thioacidolysis results were consistent with this
hypothesis, where it was observed that pine lignin reactions were strongly dependent upon the
presence or absence of the extractives. When present, pine extractives seemed to promote C2
cleavage (CHD generation), but otherwise prevented or reduced lignaghdation. When pine
extractives were removed, lignin suffered substantial degradation, but apparently less C2
cleavage since GE& generation was reduced. In contrast, yeHpoplar extractives appeared to
promote lignin degradation (according to thioaclgsis), but they had no detectable impact on
CHO generation. These results could have implications in biorefinery research because it was
shown that lignin reactions can be strongiffected bythe wood extractives. Hopefully these
findings will lead taew strategies for manipulating lignin reactions during the manufacture of

wood-based composites.
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Chapter 6Evidence of irsitu lignin crosslinking andepolymerization
Guigui WanandCharles E. Frazier
Macromolecular Science & Engineering, Sustainable Biomaterials

Virginia Tech, Blacksburg VA 24061, U.S.A
6.1. Abstract

Two wood species, Virginia pine and yellgpplar, were carefully studied here to
investigate the multiple reaction pathways of in situ lignin, including chain cleavage reactions
(C2 and C3) and also crosslinking/repolymerization reactiongd@ arrayof analytical tools,
including CED generation measement, thioacidolysis, methoxyl ctent measurement, and
also HSQ@2D NMR: Heteronuclear Single Quantum Coheremak extensively usedwWe
found that extractiveshave strong impact on GB generation, but also affect other lignin
reaction pathways witbut CHO generation, ie. C3 cleavage and also
crosslinking/repolymerization (Figure 6.1, D), and this effect is species dependent. Lignin
methoxyl is less likely to be a &MHgeneration source, because the different behavior for
Virginia pine and yellowoplar and also much higher degradation magnitude (Virginia pine)
compared to ChD generation quantity. However, the degradation of methoxyl introduces
more crosslinking/repolymerization, specifically at lignin aromatic position. Compared to
thioacidolysisHSQC provided much more information other than lignin efivdtage content
after heat treatments, but also other lignin substructures, and polysaccharides and also the
extent of crosslinking/repolymerization at aromatic ring. HSQC also is a strong &esitch for
marker compounds for each lignin reaction pathways, but quantification accuracy is poor. It can
serve as a useful tool for comparison among different specimens. @MAamic Mechanical
Analysis) is used here to evaluate the overall performanead lignin cleavage and
crosslinking/repolymerization by looking into the Tglass transition temperatureand Ea

(activation energy associated with glass transitiohjvood specimens after heat treatments.
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6.2. Introduction

Wood contains natural, biogec formaldehyde (C#D), and heating generates much
higher levels that vary according to wood moisture content, tissue type, and tree spideigs.
All organic wood components are capable of generatingQCHut lignin appears to be the
major source[3, 6] Polysaccharides are minor contributof8, 7] and extractives can directly
generate CkED in small quantity[3, 8] or they may catalyze G8 generation depending on

wood species]3, 5, 8]or they react with CED such that emissions are reducg@-14]

Most woods naturally acidic and in situ lignin thermochemistry can be deschipehe
classic lignin acidolysis literature. Extensive acidolysis studies on model compounds and isolated
f AIYAYAa AR AtRHboEs aileKdadily cleaved via a benzylic carbocation reacting in
one of two pathways, C2 cleavage or C3 cleaviagpjre 6.1, A and B15-20] The relative
occurrence of these pathways depends upon the nature of the acid cat@fyskl, 22]C2

cleavage produces @B, a phenylacetaldehyde derivative (homovamjjl and a free phenol,

GKSNBI & /o OftSI@FI3S LINPRdzOSa GKS | A006SNIQa 16

reactive and readily react into lignin through electrophilic substitution reaction to form
stilbene, Figure 6.1, C. Lahive et al found homdira immediately repolymerized after its

F 2 NXY I 0 A 20/4 nibdelcampadunds, and ethylene glycol prevented the repolymerization
by forming a stabilized fivremembered ring structure with the aldehyde groy@0] Sharing the

same reaction intermediate, benzyl cadation, lignin also readily setfosslinks to form
condensed € bonds through reaction D, Figure 23] 4 KA OK | f a2 O24adzYSa
linkages without generating GE8 and is believed to be able to compete with the other two
chain cleavage reactions (A and B). The existence of reaction D provides extra opportunity to
manipulate CkD generation from wood. Li et al added a benzyl carbooatcavenger, 2
naphthol to suppress further reactions, including reactions A, B afgi{Lignin methoxyl may

also degrade to form methanol and a free phenol, which possibly leads to more condensation.
[25, 26]
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In summary, lignin undergoes complex reactions under heat treatments, including
cleavage reaction (A and B) and crosslinking/repolymerization reactton®,(and E). Those

reactions happen simultaneously and compete with each other.

E Lignin
Lignin CH3OH @
OMe  OH f HO )
O OWMe CH,0 -
- OH 0

H )
-H,0
OWMe D MeO Lignin o
o + OMe " Lignin OMe
0 .
. EOH[ Io —_— H  oMe -
; OMe + —_— o
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Al 8| T, -
- CH CI)
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oH OMe CH20
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OT\@OM‘E Styryl ether !
OH o "
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- e
o OMe  eg Lignin e
:©/ Stilbene
H —_—
T ®
1

Phenylacetaldehyde derivative OMe
(Homovanillin) Ple]

Figure6.1. Lignin reaction pathways under aaidtalyzed thermal treatment. A: C3 cleavage, B:
C2 cleavage, C: repolymetina of homovanillin to form stilbene, D: lignin crosslinking

reaction, competing with A and B because these three reactions share the same intermediate,
benzyl carbocation, E: demethoxylation, lignin methoxyl cleaved to form methanol, potentially

with a very reactive catechol structure.

Here, yellowpoplar Liriodendron tulipifera and Virginia pineRinus virginianp are
selected to investigate multiple lignin reaction pathways in Figure 6.1. Thioacidolysis and HSQC
are two main analytical tools used lerto analyze lignin structural changes after heat
treatments. Thioacidolysis is a webtablished wet method, which degrades lignin ether
linkages and form analyzable monomers or dimers for chromatography an§&i28|HSQC
LINE ARSA | YdzOK GARSNI FNNI& 2F Ay TF20dvd5iiAzy O
FYRI 3 fAIYAY lalbRpolysacsh@raeq29]l TYieRbiggest challenge for HSQC
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guantification is to choose proper internal standar Among many have been done, lignin
aromatics signal is the most commonly usgg0-32] Here, lignin methoxyl is used instead, and

accurate content is determined ugjra standed titration method.

Dynamic mechanical analysis (DMA) is also used to characterize rheological properties
of heated wood, i.e. glass transition temperature (Tg) and activation energy associate with Tg
(Ea) to evaluate the overall competence of cleavagel aepolymerization/crosslinking
reactions. If repolymerization/crosslinking reactions overwhelm cleavage reactions, polymeric

flexibility is expected to decrease, resulting in more restricted chains and increasing Tg and Ea.
6.3. Materials and methods

Two healthy Virginia pine trees, 7D years old, were felled in a natural wooded region
(~4 ha) east of Blacksburg, VA, U.S.A., (Nellies Cave area). Stem sections (~15 cm thick) were cut

from locations that were 1.3 m above ground.

Tree 1. fresh seais were air dried and stored in the open laboratory at room
temperature for ~16 months, then immersed in water for 3 days, debarked, and processed into
rectangular wood blocks (4x10x40 mm, thicknessxwidthxlength). Three grain orientations were
defined asRT, TR and XL, the first letter indicates the smallest wood surfaces of the rectangular
block (Rradial, Ftangential, and >rosssectional) and the second indicates the grain direction

along the length direction (fangential, Rradial, and Hongitudind).

Tree 2: Fresh sections were processed into fl{k8s100x0.5 mm, tan.xlong.xradbut
immediately after felling with no water immersion, and no opgn storage; juvenile and
mature tissues were combined and randomized. Specimens were stor80%8t Also obtained
from tree 2 were six increment cores (5 mm dia) at ~1.4 m above ground from a 2Geam
they were transported to the laboratory and razor cut into ~1 mm thick disks; juvenile (first 10
rings from pith) and mature (last 610 rings) tisue was isolated and stored &@0°C. Sampling,
processing, and storage of all specimens was conducted as rapidly as possible in order to
minimize atmospheric exposure; from harvest to final storage, 12 hrs elapsed.to aqueous

pretreatment/heating, pecimens were razor cut into small pie¢e9.5x0.5x0.5 mm).

113



Increment cores from Yelloywoplar were sampled, razor cut into 1 mm thick sections,

and stored as described in a previous publicat[6h.
Specimen pretreatments/heating/CHD measurements

Specimens were Soxhlet extracted (9%thanol, 48 hours). Then extracted and
unextracted specimens were dried by cycling between vacuum (room temperature, 0.02 kPa;
0.15 mm Hg) and dry JNthree times, and then stored with dryaholecular sieves until
reaching constant weight. Prior to heatinspecimens were pretreated as follows: 1) saturated
in HPLC water, 2) saturated in 10 mmol TsOH, 3) saturated in 10 mmol sodium NaOH. Saturated
specimens were subsequently adjusted to 100% moisture content. Heat treatments were
subsequently conducted isealed 50 ml serum bottles for 10, 20, 30, 60, 90, or 120 [dhjrp]

The CHO generated during heating remained sealed in the serum bottle and was determined
as in[4, 5] Specimens were identified with respect extraction (E) history, pretreatments prior
to heating (HO: H; Acid: A; Base: B), and heating time, i.e. E/H10, H60, A10, etc.

Thioacidolysis

As described above, after &t treatments, specimens (i.e. H60 and Al0, etc), and
control specimens (no heating), were Soxhlet extracted (95% ethanol, 48 hours). Along with
specimens, i.e. E/H10, etextracted first, then heatedpll were air dried, ground and sieved to

retain >40mesh fraction, then vacuum dried as above, then subjected to thioaciddi®3i28]
Methoxyl Catent Determination

Specimens above40 mesh) were subjected to duplicate analysis as in ASTM EB4t66

standard test method for methoxyl groups in wood and related materials.
2D NMR (HSQC)

Specimens above (>40 mesh) were ball milled followed proced88,then ~90 mg
balkYAf f SR LI2GRSNI oY2adGte fp > Ydb/pymdBeds (4:4,dz&)LISY RSF
and magnetically stirred until reaching visual homogeneousness (~4 hours), thesfietrad

into 5 mm 600 MHz NMR tubes. NMR spectra were acquired on a 500 MHz Bruker Avance I
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instrument, equipped with a cyroprobe for higher sensitivity. An adiabatic HSQC experiment
(hsqcedetgpsisp2.3) was performed with following parameters: 1:2.86ppm in F2{H) using

2048 data points for an acquisition time of 150 ms; 220 to 0 ppm if®E), (@cquisition time

4.6 ms, with a total acquisition time of 5 hours 23 mins. The central solvent (DMSO) peak was

used as an internal chemical shift referenicd Ay G o6+ /Y nndmZ +1Y HDpnl
content was used an internal reference for quantification. Data processing and contour coloring

was done using Bruker Topspin3.5 and Adobe lllustrator CC.
Dynamic mechanic analysis (DMA)

Air dried rectangulawood blocks (Virginia pine tree 1, grain orientations XL, RT and TR)
were saturated in HPLC water or 10 mmol TsOH under reduced pressure (room temperature,
2.67 kPa; 20 mm Hg, 10 min), then immersed for another 2 hours under atmospheric pressure.
After adusting to 100%MC, blocks were sealed in pressure tubes (~10 hours), heated at 200°C
for 60 min under two conditions: 1) pressure tube open (O), 2) pressure tube closed (C), then
saturated in ethylene glycol under reduced pressure (20 mm Hg, 10 min)penersed for 3
days under atmospheric pressure until complete saturation. Specimens were identified with
pretreatments prior to heating (#0: H; Acid: A), and heating condition, i.e. H/C or A/O, etc.
Control specimens were water saturated, adjusted to 10@@pkihd immediately saturated into

ethylene glycol as described above without heat treatments.

Ethylene glycol saturated wood blocks were subjected to sofgsabhmersion tensile
torsion DMA test, described as [84, 35] Sequential heang and cooling was applied as
follows: 1) 25°C, equilibrate 10 mi2) 25120°C, 2°C/min, 1 Hz, 100,00%, 3) 120°C,
equilibrate 10 min4) 12025°C, 2°C/min, 1 Hz, 100,08@. Another set of specimens were
subjected to Timelemperature Superposition (TTS) test: 1) rapidly heat to 120°C; equilibrate 5
min, 3) isothermafrequency sweep, 0-1 Hz, 100,000Pa, 120°C, 3) reduce temperature by
5°C; equilibrate 5 min, isotherrh&requency sweep, 0:1 Hz, 100,00®a, 4) repeat step 3 to
obtain isothermal frequency sweeps from 110°C to 25°C. All experiments were carried within
linear viscoelastic response region (LVR). Data analysis was accomplished using OriginPro8.0

and TA Data ralysis software.
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6.4. Results and discussions

Table 6.1 summarized &bl generation, thioacidolysis yield, methoxyl content and also
partial HSQC quantification data from Virginia pine and yefloplar specimens after heat

treatments at 200°C (10, 20 60 min) under vaous pretreatment conditions.

As published before and also shown here, impact of extractives o@ @eneration
from wood is highly species dependent, with no influence for yepowlar but great catalytic
effect on Virginia pingf8] Thioacidolysis indicates that extractives also have spe@psndent
influences on other lignin reaction pathways, i.e. C3 cleavage, reflecting at the C9 yield. With
the presence of extractives, motgnin degraded for yellowpoplar, but opposite for Virginia
pine, i.e. E/H10 vs. H10. For many cases, C8 yield is much lower than tlgehesdted CH20
guantity, especially for Virginia pine specimens, i.e. A60, which can be explained by the

existence d reaction C, Figure 6.1.
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heat treatment at 200C for 60 min with acid pretreatment (A60).

Table6.1. The extractives effect on lignin degradation and@lgeneration for yellowpoplar

(sapwood tissue) and Virginia pine (tree 2, mature tissue) under heat treagheiitt Hnne/ = MAN
20 or 60 min. Number of mted dzZNBYSy G a y x H T2 NO mdasudrmettd R2 f & & A
n = 2 for methoxyl content, n = 1 for HSQC. HSQC calculation based on internal standard

methoxyl content. Control: no heatin§tandard deviations in parentheses.
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Thioacidolysis Methoxyl I {v/a&
>Y2f k3 6 CHO i-O4 i -O-4 . |l A60O S
content
C9 C8 CRERCE Stilbene ketone
0.1 441.7 59.3 1775.7
Control (0.0) (18.5) 2.0) 6.8) 390.7 248.6
3.9 478.3 825 1727.4
E/H10 0.8) (283) (12.3) (34.2) 380.0 276.4
4.1 388.1 59.5 1727.4*
| H10 (0.3) (19.3) (3.2) (34.2) 3628 224.6
Yellow
4.5 398.4 73.9 1775.7
(Sggwsgd) ALD o5y (104) (54) (1823 SI4 2486 *
33.7 52.7 15.8 1930.4
E/HE0 (2.1) a.7) (4.8) (125.3) 96.5 386
314 42.8 16.0 1930.4*
H60 4.7) (3.2) (5.9) (125.3) 135.1 .2
66.7 11.4 17.8 1898.2 Below detection
A60 o + +
(15.1) (2.9 (7.2) (34.2) limit
0.1 314.6 20.1 1596.9
Control 0.1) (5.2) (0.8) (148.4) 3829 287.2
25 133.4 20.6 1006.5
E/H10 06) (394) (3.66) (48.4) 150.8 100.5
4.2 328.2 22.4 1006.5°
H10 (14) (14.9) (3.0) (48.4) 251.3 221.8 +
27.5 101.9 12.3 1032.3
A10 42 (184) (L9) (32.3) 1649 1134 +
Vgﬁq’g'a Ehpo 35 1658 117
mawe) o amy s v
20 09) (380) (4.9
30.8 108.2 17.8 874.3
E/H60 (5.6) (2.9) (0.7) (93.6) 52.4 40.6
42.0 152.5 24.9 874.3
H60 (18) (24.9) (5.7) (93.6) 104.8 100.8 +
AGO 80.5 26.3 15.2 735.5 Below detection N N
(21.3) (7.0 (5.7) (51.6) limit

* Actual methoxyl content not available. HSQC quantification based on methoxyl content from E/H
specimens heated for same time period.

a Two individual HSQC experiments were conducted on Virginia pine Control specimens. Variation for
contour volume integation ~5%.

+ Analyst above detection limit
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Homovanillin endgroups were highly reactive to lignin aromatic rings to form condensed
structures, i.e. stilbend20]! & F2NJ / o LI K& & ske®heIvdsNdBmed. Pav > | 0 ]
further look into the C2 and C3 cleavage, HSQC was used to search for marker compounds for
SIFOK LI Kgledd wSFSNBYOS OKSYAOIf &EHBFighalof F2 NJ |
propane side chain of model compounds. Sigfras stilbene vinylicgCH=CHyroups locate in
0KS NI y3aS -278/7.07/4wppm.[36]M8unemarized in Table 6.1 also the presence of
these two markers with positive sign (+) meaning levels above detection limit. Figure 6.2

showed existence of these markers in specimen Virginia pine (Vap) A60 as an example.

Lignin methoxyl was chosen as internal standard for HSQC quantification. Titration was
done to reveal the accurate lignin methoxyl content, and result was shown in Table 6.1.-Yellow
poplar remained unchanged after heat treatments, even for the most sevesgtrhent A60,
whereas Virginia pine experienced dramatic degradation on lignin methoxyl to form methanol.
Wikberg and Maunu also observed no demethoxylation for hardwoods while softwoods
experienced significant lignin methoxyl cleavage us#igCPMAS NMR6] Rationalizing from
the speciesdependent methoxyl degradation and also the much higher degradation magnitude
compared to CHD generation quantity, methoxyl is less likely to be the@geneation
contributor. Methoxyl content was not available for specimens H10 and H60, but E/H10 and
E/H60 was used to represent them respectively because heating time and external acid catalyst
appear to be main factors causing lignin methoxyl degradation. &lyedSQC agreed with
thioacidolysis in general trend, but confidence was lacking for absolute data accuracy,
especially for specimen with lower content, i.e. A60. So in following discussion, HSQC is used

only to describe generic trend, not as quantificatitool.

Compared to thioacidolysis, HSQC offered much more information, not only restricted
0 f ACEhyZA yo diztip ZH f2a 20 yiR | f a2 L}2feéal OOKI NARSa®d LGz
lignin crosslinking/repolymerization extent. Figure 6.3 listed ESPectra for yellowoplar
specimens, aliphatic region and also aromatic region. External acid, longer heating time and
also the presence of extractives all promoted lignin degradation, seen from the decrease or
even disappearance of lignin substructusggnals from aliphatic region. In the aromatic region,
Figure 6.3 also showed that acid and extractives promoted more substitution reactions on
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aromatic rings, indicating by decreasing aromatic signal intensity, and the substitution reaction
more likely hppened at 2 and 6 positions, instead of [37] Those substitution reactions
included reaction C, D and also posaction after reaction E if catechol was formed from

phenolic lignin endgroup.

Figure 6.4 summarized HSQC spectraréwrous Virginia pine specimens, including both
aliphatic and aromatic. Apparently, from comparison for aliphatic region signals among
specimens, acid promoted the most lignin degradation. Under the most severe case, specimen
A60 was altered the most. Faromatic region, extractives did ngiay a big role, not much as
in yellowpoplar (Figure 6.3). As for external acid catalyst, it promoted lignin aromatic

substitution, especially under heat treatment for 60 min.

In summary, extractives playecbmplicated role, depending on wood species. They
impacted not only the Ci# generation from wood, but also other cleavage or even
crosslinking/repolymerization pathways. Implications are not restricted for woased
composites industries, but hopefullydmass treatment and biorefinery could also benefit from

this.

In Figure 6.1, reactions A and B are lignin cleavage reactions, while reactions C, D and E
relate to lignin crosslinking/repolymerization. Lignin cleavage reactions should result in lower
lignin Tg while crosslinking/repolymerization reactions should maintain the integrity of
polymeric structures and immobilize the chain movement, which should counterpart the
decreasing Tg. Table 6.2 summarized Tg, Ea after heat treatments at 200°C (60 matgfor
and acid pretreated Xariented Virginia specimens. Experimental results for the other two
grain orientations, RT and TR are not shown here, and they both followed the same trend of XL

specimens #er heat treatments.

In Table 6.2, 3 of 4 heatin@ses exhibited increasing Tg and increasing Ea, meaning
crosslinking/repolymerization overwhelmed the cleavage reactions. The only case, H/C,
resulted in a decreased Tg, which is probably valuable regarding to biomass pretreatment

because lower Tg may ré¢ato lower processing temperature and lower energy consumption.
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Table6.2. Glass transition temperaturel (), activation energy associated with glass transition
(Eg of Xl-grained Virginia pine tree 1 aftevarious heat treatmens (200°C), number of
NELISGAGAZ2Yy A Yy xsimparerthése.y RI NR RSGAI GA2Y

XL Tg (°C) Ea (KJ/mol)
Control (73871) 2(;3;;)9
o g m
O
NC e e
wo 2B

Base catalyst is also commonly used in industries. Figure 6.5 plott€d @dheration
from pretreated Virginia pine with acid or base as catalyst. Previous research quantified the
alkaline and acid buffering capacity of Virginia pine specimens was respectivefy).@806M
HCI and 0.08.05 mM NaOH, so the wood buff capacitysweasily exceeded by all acid and
alkaline pretreatments used her¢7] { dzZNLINA a Ay 3df &> o6FaS RARYy QU LINI
CHO generation compared to water saturated conditions, especiallgnumeated for 60 min.
In comparison, acid greatly catalyzed.OHyeneration. So next, 10 min and 60 min heating
periods were selected to see if acid and base can do differently to the lignin substructures,

shown in Figure 6.6.

Figure 6.6, lignin experiead minor alternation under 200°C for 10 min heat treatments
with all three pretreatment conditions, water, acid and base. Once the heating time increased
to 60 min, lignin experienced dramatic structural alternation with acid, while water treated
specimenhad less degradation and base treated specimen remained the least damaged. This

observation correlated to the GB generation trend observed in Figure 6.5.
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As many literature suggested, most of the heanerated CkD is readily crosslinked
with lignin to form guaiacylguaiacyl diarylmethylene bridges-(8+-5) structures once it is
F2NYSR A0GK | RRAGAZ2Y I {-Onf02 NOYYW Ki A 2 ¥ A {205-5)yadde: Nk NHzGBi
alkaline condition.[36] However, the methylene moieties in the diarylmethylene structure
daK2dzf R SEKAOAG +/ Hd Lkhotbeei Retectdd indh® preseédt Mok & K A C
or similar work done by Capanema e{28] and Balaksim et al.[36] This discrepancy may due
to the reason thathe minor amount of released G& would not have a chance to condense to

form diarylmethanes, or the amount of condensed structure is below the detection limit.

The above discussions indicated that, 1xsitu lignin experienced different reaction
pathways wunder acid or base catalyst, 2) lignin cleavage reactions and
repolymerization/crosslinking reactions competed with each other, 3) there were many other
reaction pathways for hsitu lignin under heat treatments except the £CH generation
pathway, andthis provided extra opportunity for us to manipulate the LLHgeneration for
wood-based composites industries or even make an impact for other industries, such as
biorefinery or bioenergy production, 4) extractives have impact opGCldeneration, but also

other lignin reactions, and this complex interaction is strongly species dependent.
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Figure6.3. HSQC spectra for yellepoplar (sapwood tissue), changes in the aliphatic and

aromatic structures. a: Control, no heating; b: E/H10; c: H10; d: A10, e: E/H60; f: H60; g: A60.

86 ppm. Gemical

aromatic region: 1495 ppm,

Aliphatic region: 9&15 ppm, 5.82.8 ppm;

shifts of analyzed structures obtained frd@9-31, 36]
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Figure6.4. HSQC spectra for Virginia pine (tree 2 mature tissue), changes in the aliphatic and

d: A10, e: E/H60; f: H60; g: A60.

E/HAO0H10
aromatic region: 1495 ppm

b:

aromatic structures. a: Control, no heating

86 ppm. Chemical

Aliphatic region: 9&15 ppm, 5.82.8 ppm;

shifts of analyzed structures obtained frd@9-31, 36]
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Figure6.5. CHO generation (200°C, 1120 min) from Virginia pine tree 2 mature tissue, under
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Figure6.6. HSQC spectra for Virginia pine (tree 2 mature tissue), changes in the aliphatic and
aromatic structures. a: Control, no heating; b: H10; c: H60; d: B10, e: B60; f: A10; g: A60.
Aliphatic region: 9815 ppm, 5.8.8 ppm; aronatic region: 1485 ppm, 86 ppm. Chemical
shifts of analyzed structures obtained frd@9-31, 36]
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