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1 Summary

The main achievements of the project, listed nderms of importance, but in relation
with the task order were:

The successful development of a semi-micro drilpngcedure that enhance the speed of
the sample collection at a sub year level and éveldpment of a scale-up procedure for
medium throughput extraction of the samples (Task1)

The development of a MS library for the pyrolysistibe pyrolysis products of the
extractive-free wood, while the library of the edtives is still ongoing (Task 2).

The separation of species and tissues types aogotdithe polysaccharide pyrolysis
products (Task 3).

The challenging identification and quantificatiohtloe oxidized and dehydrated resinic
acids fromPinus sylvestris trees, and the comparison of the quantificatiotwben
GC/MS and NMR (Task 4).

Confirmation of the trend for lignin and new insighfrom the polysaccharide
composition (Task 5) and content (Task 6) for adig, latitude and age. As well as the
analysis and quantification of lignin amount andhposition at sub year level (early- and
late-wood) and the quantitative analysis of supased on pyrograms (Task 6).

The development of PLS-R models based on NIR arld-ATIR for solid state analysis
of Picea abies. The development of PLS-R models based on NIRtHerextractives
content ofP. sylvestris andP. halepensis. The development of PLS-R models based on
NIR for sugars analyzed by HPLC and cellulose digdy The detailed analysis of the
cellulose diglyme yield and the correction of thelg for residual lignin determined by
analytical pyrolysis.

The main weak point is the record of publicatiarcsithe core results achieved were not
published yet.

In association with the project one paper was gublil in the application of analytical
pyrolysis to the characterization and identificatiof the wood in a wood-plastic
composite. Also a paper under revisison for pubbcan the area of the characterization
of wood by analytical pyrolysis in a collaboratievith Universidad Politecnica de
Madrid. Recently a paper was submitted to Holzfousg (Task 7). Two manuscripts are
prepared in article format for submission (Task RBjeviewed at least two more
publications with the main results from tasks 5 énd



2 Introduction

This project was a IC&DT Project for Consolidatioh Competences and Research
Resources (Consolidagcdo de Competéncias e RecemsoBwestigacdo), aiming to
develop competitive competencies for the partiegmain International Programs, so the
budget was mainly for hiring scholarships and tbgussition of dedicated equipment.
However, there was no budget for travel, so it n@spossible to collect samples.

The first accomplishment was the selection and lage of the automated analytical
pyrolysis equipment required for the implementatdrthe project. It was selected and
acquired a micro furnace pyrolyzer from Frontiebbeatories Ltd (Fukushima, Japan),
model Single-Shot Pyrolyzer Py-3030 S equipped wi#8 position auto-sampler AS
1020E. The equipment was installed on October 2013.

The overall objective of the project was 1) inceedise throughput of the analytical
pyrolysis, that alone would justify the acquisitiohthe equipment for the quantitative
analysis of lignin amount and composition, paramsetready proved to work by
analytical pyrolysis, and the acquisition of anipquent would in principle quintuplicate
the throughput n a week basis, and 2) develop droes to allow the qualitative and
guantitative assessment of the extractives angdlysaccharide wood components from
the pyrograms. The result of this achievement single, simple technique capable of
providing the complete chemical analysis of the &veamples in a 50 min pyrolysis run.
The final goal and the main objectives were tothgetool for:

a) confirmation of the trend found for latitudedaadtitude-dependent lignin composition
obtained in the preliminary work by analyzing aduial samples.

b) develop a protocol for sample preparation dowa sub-tree-ring level (earlywood-
latewood) for analytical pyrolysis,

c) ldentification of the extractives fragments knbwn up-to-date

d) and knowledge about possible interdependenei®gden the main wood components
and the extractives during pyrolysis

e) qualitative and quantitative phenotypic discnations of latitude-, site-, species-, age-
, genetic-, and drought-dependent variations initig polysaccharide-, and extractives
content and composition based on the pyrogramstaeen.

The objective attained fully attained were a, b dnghile ¢ and e were only partially
attained. The identification of a few importantraxtives fragments is still going one (e)



that are also needed to fully fulfil objective gaeding the extractives since lignin and
polysaccharide were fully attained.

The project suffered however one major drawback tleath of Dr. Manfred
Schwanninger in December 2013 a good friend anckrghusiastic researcher that
accepted to join the project despite the fact tthatproject could not support financially
its activities, namely the activities related te timterpretation and acquisition of the
spectra in solid state by infrared microscopy usingATR-objective (Task 7). This part
of the work was not performed, instead we assesssthgle reflection ATR-FTIR
equipment and also the FT-NIR using a fiber prab@adrtly replace the information
expected form the Microscope-FTIR.

However, this was not the only problem becausendve samples MS was preparing to
send us for the confirmation of latitude-, sitgesies-, age-studies suffered a delay and
were received in the beginning of 2015. Althougbuegh for the fulfillment of the project
requirements, more interesting results could zeretl if more samples could be received
to further validate the new findings.

The project suffered other delays some due to tettve budget is delivered from FCT,
even in a project like this were expensive equipmeTe to be purchased we received
only 12.5% of the budget, not even enough to beyeafuipment let alone buying the
equipment and hiring the scholarships. Also dua faroblem in the FCT accounting
system the second tranche was only received orreaftea the initial payment.

Finally, the contract was initially signed by IIGilere Pl worked, that was extinct in 31
July 2015 and the Pl and the project integratetthéninstituto Superior de Agronomia,
Universidade de Lisboa.

Although all efforts were done to the fulfilment the objectives of the project the
publication of the results suffered the most, tsivity will be continually pursued in

the coming months.



3.1 Task 1 Sample preparation

This task, besides the preparation of the samplethé remaining tasks it included the
establishment of a protocol for the sample preparalown to a sub-tree-ring level
(earlywood-latewood) for analytical pyrolysis. Tésmples prepared in this task were not
mentioned here to avoid duplicating the informatibiere we will only mention major
changes in the sample preparation of the protdumtls related to particle size reduction
as well as extraction. Extraction is an importaepgor preparation of samples for further
chemical analysis

Particle size reduction

The main requirement for analytical pyrolysis isotatain a fine powder (sub-micron to
10 microns), that is usually achieved by using eftatory ball mill as the last milling
step. But an essential step before ball-millinghis size reduction of the sample by a
coarser (200 to 2000 microns) grinding with a kmifél followed by a fine grinding (<
500 microns) using an ultra-centrifugal mill. Orfelee main constrains of the multistep
size reduction is the loss of sample at each &een if for the sampling at a sub-tree-
ring level (earlywood-latewood) annual cross rittgscoarser mill (200 to 2000 microns)
could be avoided the loss of material at the wtatrifugal grinding make it more
difficult the sampling at the sub ring level esjadlgi so in the smaller rings. One way to
circumvent the loss of material due to grinding w@®btain microtome sections as a
sampling procedure for the sub-tree-ring level l{@avod-latewood). However, this
procedure that was foreseen in the beginning optbgect soon revealed its limitations.
The main problem was that it was almost impossibleise with core samples that
constituted the sole type of samples availablsdone species. The second limitation was
that after steaming, required for microtome, itdrae increasingly difficult to distinguish
earlywood and latewood, especially so at the macnet cuttings.

Semimicro-drilling

The main scientific achievement of this task waessbccessful establishment of a new
protocol for wood sampling for analytical pyrolysisalysis (Py analysis). This protocol
was not foreseen in the project proposal. The nesguure consists of sample collection
by means of a semimicro-drill with a nominal diaeretqual or below 0.5 mm, similar
to the ones used in watchcraft (Figure 1.1), a wample idea quite easy to implement
and with several advantages over the proposed tarmcuttings or also milling:



i) time saving by overriding the necessity of tirag consuming wood steaming step
(minimum 4 hours) required for microtoming let adothe cutting process; instead,
drilling will typically take less than 5 sec; iigges samples: to obtain a microtome slice,
a small block is required to be clamped in the otame, to obtain each set of slices a
large part of the block is discarded due to thamiag discoloration issues. The material
removed by drilling is more than enough for thedglysis and the remaining material
can still be kept for future analysis, this is aammally invasive procedure; iii) the particle
size which results from the microdrill samplingvisry similar to the obtained using the
“normal Py-analysis procedure” (in use for moranttl5 years) that requires a first
reduction of the material using a two-step millifigst with a knife mill followed by an
ultra-centrifugal mill (the normal procedure forechical analysis) and finally a fine
milling required for Py-analysis with a ball milbf at least 15 to 30 min, depending on
the sample size. The resulting pyrogram is not @ely similar but also the quantitative
results derived from it are not statistically di#fat from the “normal procedure” results;
Iv) semimicro-drilling also allows a precise sampglidown to a subtree-ring level
(earlywood/latewood) even when the annual increnggoivth is very small. This
surpasses the sampling problems with the microtgmiocedure. Due to the darkening
of the sample after steaming it was very difficit,some cases almost impossible, to
recognize the earlywood/latewood boundaries, inescases even in two adjacent growth
rings after the steam treatment; v) the attenustéa reflectance Fourier transform
infrared (ATR-FTIR) spectra of the microdrill saraplwere not only easier to obtain but
also of better quality than the spectra obtaineth \microtome slices. The additional
advantage is that the acquisition of transmissp@tia using the KBr pellet technique is
now possible which is, by far, the technique usedmmst reference spectra available.
The quality of the ATR-FTIR spectra depends largmlythe intimate adherence of the
material to the diamond window of the ATR accessdhg disruption of the thin
microtome slices during clamping forced the usehatker slices that in turn make it
more difficult to obtain a proper adherence towledow hence a poor quality spectrum.
So far the smallest drill we found is a 500 micrevhich allows a very detailed

subsampling in some cases a transept in earlywao@lso be performed.



Figure 1.1 Semi-micron drilling with Imm and 500cnain drills

Scale up extraction with filter bags

Wood extractives are substances that can be rembyedolvents which are not
considered a structural part of the cell wall @ thiddle lamella. A sequence of solvents
such as toluene, dichloromethane, ethanol, metremblwater with increasing polarity
are used in accordance with standard methods &irplet extractors. The removal of
extractives from the wood meal is generally thstfivery time consuming step for the
wet chemical analysis of wood meal. For analytmablysis if the goal is to assess the
wood chemical composition it is also necessaryetoave the extractives. The standard
procedure using thimbles and especially so usisggle thimble per Soxhlet extractor
was at very least cumbersome and really not effici@ new approach was developed
that allow scaling up the number of samples andlymr Soxhlet extractor and at the
same time make it more practical and with lowerbphnlity of losing material, so
important not only for the correct assessment efdktractives content but also due to
the low amount of material for the sampling to bteee-ring level (earlywood/latewood).
The procedure uses F57 Ankon (https://www.ankom)cbiter bags instead of the
traditional cellulose thimbles, each F57 filter bmapn accommodate about 1200 mg of
wood powder, so for the low sample amount of thiéyetatewood sampling, the bags
could be further divided in 4 sections. The idecdfion of the sample is also simplified
by marking the filter bag with a pencil, the filteag is also a convenient storage of the
sample while waiting for analysis. The sample (ilfdter bags were sealed with a heat
sealer. An analysis of the influence of severgdstgas conducted in order to assess for
instance the influence of the heat in the tare thas find negligible but previous

extraction of the filter bags with organic solverdre deemed necessary for quantification



purposes or for the further analysis of the exivast despite the manufacturer early
claiming that the F57 filter bags were extractiveef By using the samples in heated
closed filter bags allowed a variable number defibags/samples, depending on the
sample amount in each filter-bag or the size offilker-bag, to be extracted together in
the same Soxhlet (Fig. 2.1). The quantificatiomgshis procedure is based in the weight

loss at each solvent-extraction step. A protocottie extraction was setup.

Figure 2.1 F57 filter bags (Ankon), Soxhlet extoaetith 8 samples ready for extraction,

and a filter bag sized to fit 4 samples.

3.2 Task 2 Setup of the automatic pyrolysis analysis

The main objective of this task was the developno¢sat protocol for the pyrolysis (Py)
analysis using the micro-furnace Single-Shot PyedyPy-3030S equipped with a 48
position auto-sampler AS 1020E (Frontier-Labora&wiitd), hereafter referred to as MF-
Py. The first step was the identification of theqlysis products in the MF-Py pyrogram
(chromatogram of pyrolysis products). This stepkt@onsiderably more time than
expected due to the fact that at least 30 % opyhelysis products were not found in the
existent mass spectra library of the pyrolysis potsl obtained with a resistively heated
filament pyrolyser (CDS), hereafter referred taRa$-Py. While the pyrolysis products
with known mass- spectra was trivial, the idenéifion of the new py-products was
challenging. One major achievement of this task thascreation of a dedicated mass
spectra library of the wood MF-Py pyrolysis produatth the identification of the most
important pyrolysis products (about 70) required tbe characterization of the
softwoods. The quantitative analysis of the py@yesults obtained by the MF-PY
versus RH-Py was based only in the well proved tifigation results for lignin content
(py-lignin) and composition (H/G) based on RH-Pyr fhis analysis twenty selected

samples oPinus sylvestris were analyzed by both pyrolysers. The comparigdheopy-



lignin and H/G between the two pyrolysers consitgrall identified peaks was pretty
bad, but did not improved by selecting only thegbysis products present in both
pyrograms. The new pyrolysis products obtained WMithPy were removed from these
pyrograms as well as the pyrolysis products thaevemly present in the RH-Py were

also removed (Figure 2.1). The correlation betwd&rPy/RH-Py was even worst.
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Figure 2.1 Py-lignin based on MF-Py vs RH-Py

By the way the correlation between the RH-Py qdiaation using all identified peaks
vs using only the common peaks are almost identidthl a coefficient of determination
close to one. This was indeed an interesting fipdmeaning that a simplification of the
calculations by using less peaks is possible andgidentical results. This also showed
that the inconsistencies were mainly attributabl®E-Py, indeed replicates of the same
sample gave inconsistent results. A further analg$ithe results in Figure 2.1 call the
attention for the sample marked with a circle, diethe most deviant results. A study
was setup to access the influence of the conditainthe capillary column (J&W
Scientific, DB-1701, 60 m x 0.25 mm, 0.25 um filnickness) in the pyrolysis results. It
was suspected and confirmed that the enhanced diggma of the column was
responsible for the inconsistency of the pyrolyssuilts that, in the worst cases, consisted
in the disappearance of pyrolysis peaks from thhegnam. The most affected pyrolysis
products were 36¢P, 69cH and 73cH, that almospgdeared from the pyrogram, and the
41cP that was much smaller than usual. The degoadaitthe column in principle is due

to the higher number of samples analyzed with the sampler, 10 times more samples



per week than using the manual system and alsdbboshie to the required higher
interface temperature maintained at 300 °C. A teaamce protocol was established and
scheduled to once a week, that involved the usaahtenance of the pyrolyser as well
as the chromatograph but also by cutting the 2stm of the capillary column attached
to the injector. Since the time was running vesst &nd due to the uncertainty regarding
a major improvement of the repeatability of theagalso associated to the fact that the
results, no matter what, would not be similar te RH-Py, it was decided to keep the
MF-Py with the MS detector for qualitative work awm@cumscribed analysis, and
maintain all the quantification by the RH-Py wittetFID detector.

However, since the GC of the CDS system was alaogdd from an Agilent 6890 to an
Agilent 7820 a test with a sample was performedrder to compare the results of both
GCs. The reproducibility of the new GC was gengrhbtter than the old GC, for all

parameters assessed.

New GC OIdZGC
5 aliquots x 3 replicates replicates
i AV
Different | 2 3 4 5 _ AV
aliquots Ali
- 8.9 9.2 9.0 9.0 9.0 9.0 9.2
Py-lignin
+0.11 +0.02 +0.18 +0.14 | £0.23 | £0.15 +0.26
HIG 0.15 0.15 0.16 0.16 0.16 0.15 0.16
+0.002 | £0.004 | £0.003 | £0.006 | £0.011 | £0.005 +0.012
cPicH 6.1 6.3 6.4 6.2 6.2 6.3 7.4

+0.01 +0.13 +0.13 +0.21 | £0.17 | £0.16 +0.30

3.3 Task 3 Polysaccharide assessment

The objective of Task 3 was to study the volatidypaccharide fragments to gain
knowledge on the amount and composition of celkilasd hemicelluloses in order to
allow the quantification of the main componentsledist a quantification of the cellulose
and hemicelluloses content was expected, but a dieiil was also thought possible at

least for the C6/C5 ratio that could provide uséfifibrmation for applications like the



saccharification potential. Wood, a composite dfutese, hemicelluloses, lignin, and
extractives, is the imprint of past ontogenic andi@mnmental effects occurring during
the life of the tree. The biosynthesis of wood fation and therefore its chemical
composition depends on a number of factors, suatoasl species, genetic, anatomical
parts of wood, geographic location, habitation,wghg climatic characteristics, and
degree of fungal and insect attacks. This has beploited for more than 100 years as a
record of climate and biological events among atherainly based on growth patterns
of the tree-rings. Variations in the lignin andys@ccharide content and composition can
thus be used as indicators for changes in the @mwiental conditions recorded on the
wood of the living tree. However, few studies h&veen focused on the genetic as well
as environmental factors controlling the formatdnree-rings in terms of lignin amount
and composition and none on the polysaccharideexindctives. The main limitations
of the analysis by the traditional analytical methaised for wood chemistry is the
necessity to combine several degradative technjqués associated high costs, and the
large amount of sample needed, which makes theyseslof inter-annual variation,
especially within narrow rings, very difficult ompossible. Analytical pyrolysis, a cost-
effective technique that needs below 100 microgrhansample would allow overcoming
these limitations. Analytical pyrolysis (Py-GC/MShda Py-GC/FID), provides a
fingerprint of the whole chemical composition ottlwvood that can be used for the
phenotypic variation at the tree-ring level. laisnicro-chemical technique that converts,
by heat in the absence of oxygen, nonvolatile pelgimto a volatile degradation mixture
that are separated by gas chromatography (GC)ifiéeinby mass spectrometry (MS)
and quantified with a flame ionization detectorg}|

The initial insight in the information of the catbarate pyrolysis products of the wood
polysaccharide fraction was performed with the saamaples already used to assess the
information for the lignin derived pyrolysis prodacThe sampling included 74 (12-14-
year-old) Maritime pineRinus pinaster Aiton) wood samples (48 from Blagon and 26
from Vacquey both France), 57 spruce (55 samptes fibout 19-year-old spruce trees
(Picea abies [L.] Karst.) from Sweden, two samples from a 3@yeld spruce treeP(
abies [L.] Karst.) from Austria), and 18 larch wood sdewp (arix decidua, Larix
eurolepis, Larix kaempferi) harvested at an age of 38 years and three lancd wamples
(L. decidua) harvested at an age of 160 years.

Subjecting all samples to principal component aialyPCA) using c-, cP and cH-

carbohydrate-derived pyrolysis products (peaks ftloenpyrogram, hereafter referred as



variables) resulted in three cluster accordingpecges, as shown in the first principal
score plane (Fig. 3.1A). The variances explained3&% by PC 1 and 23% by PC 2,
respectively. The three species, pine, sprucelanl were separated into three clusters
with the two pine wood sites clustered in one grang separated along the first principal
component form the other two species. (Fig. 1Ak Three clusters were large showing
a large variation among trees within species. Hpamation between spruce and larch is
along PC 2.

The loadings plot (Fig. 1C) reveals that, Pyrany(kbne, 2-hydroxymethyl-5-hydroxy-
2,3-dihydro (32cH) and 5-Hydroxymethyl-2-furaldeleyd30cH) on one hand and
Hydroxypropanone (8cH), Butanone-(2) (5¢) and (Bid)an-2-one (18c) on the other
hand separate spruce and larch from pine. The agpaof larch from spruce along PC
2 is mainly due to 1,6-Anhydro-glucopyranose (lduogsan - 34cH) plus 1,4:3,6-
Dianhydro-glucopyranose (28cH) in one hand and anadhers 6¢H in the other hand.
The samples in the left upper corner are the ontstie higher levoglucosan content,
according to its position in the loadings plot. tsionly cH variables also produce the
same pattern as well as using only c also prodwegyasimilar pattern but not using the
cP variables.

These findings have two main differences regardiegclustering of the samples in the
first principal scores plane based on the ligninvéel products, that showed four clusters
since the two pine wood sites clustered in two sEpaclusters. Also the larch and

especially so the spruce, clusters were tight mgErison with the pine cluster.
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Figure 3.1 Results of the PCA using all samateball carbohydrate pyrolysis variables.
Upper score plot, lower loadings plot. Labels ia #tore plot indicates tissue type (N-

normal, O-opposite, R-reaction, T-total) and caokder to species.

The labels referring to tissue types (N-normal-teRetion-, O-opposite- and T-total-
wood) did not show the separation among them tlagta@vident in the first scores plane
of the lignin variables. The first main result frdhese analysis is that the reaction wood
only affects the lignin composition but not theysalccharide. Another point is that, as it
is the case of the spruce wood, even if it is hagnogs in terms of lignin content and
composition does not imply that it will be homogeue as well regarding the

polysaccharide composition. No separation betvpgenfrom Vaquey and Blagon could



be reached, even using only pine wood sampleseointtividual set of carbohydrate

groups alone (c, cH and cP). This shows that wotadspecific differences are only

related to changes in the lignin composition, asad in the PCA of lignin products

(not shown).

To avoid the influence of pine wood on the separatif spruce from larch wood, a PCA

without pine using all carbohydrate variables wasulated (Figure 3.2).

A clearer separation was obtained in the princguares plane, but more interesting is
the respective loadings plot. It is levoglucosée, inain pyrolysis product of cellulose,

that separates larch from spruce indicating thahl&as higher cellulose content or its
cellulose has a higher crystallinity degree, tkisn interesting finding that should be
further investigated. It seems that the variatioroag trees within species is related to
Hydroxypropanone (8cH), 2-Hydroxy-1-methyl-cyclopam(1)-3-one (21cH) and a

Gamma-lactone derivative (24c) in one hand andédther hand 1,5-Anhydro-b-D-

xylofuranose (33cP).

Also interesting are the Austrian spruce samplesy neither lie within the Sweden

spruce cluster nor close to it. It should be ndteat the Austrian spruce labeled as
compression wood is actually only compression wtssue, the remaining samples
labeled as reaction wood refer to samples with mamb percent of compression wood
but the compression wood tissue was not isolatedaasthe case of the Austrian spruce
compression wood sample. This in principle coulglax why it is so well separated

from the Austrian spruce normal wood. However, tliss not explain why the Austrian

spruce normal wood also lie close to larch clustan to the Swedish cluster. The fact
that the Austrian samples (30 years-old) are ctoskrch (38 years-old) than to the

Swedish spruce (19 years-old) in terms of age cbealdn explanation? More samples of
the same and different age from Austria are neéal@dnfirm/discard this supposition.

It is certainly worth further investigation.
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Figure 3.2 Results of the PCA using larch and sprsmmples and all carbohydrate
pyrolysis variables. Upper score plot, lower logdirplot. Labels in the score plot

indicates tissue type (N-normal-, R-reaction-woaadl color refer to species.

3.4 Task 4 Wood extractives analysis

Task 4 was devoted to the identification of theramtives content and composition.

Extractives have not only important industrial iaétions but their content and

composition play important roles in many wood métion and performance, such as

natural durability. However, despite of their imfaorce the information related with the



influence that the environment and genetic facpbay in their formation is still scarce.
The development of fast accurate methods espedrakiplid-state will allow to cover
gaps in fundamental knowledge on extractives famatSolid state analysis was
performed by ATR-FTIR, FT-NIR and Py-GC/MS that wesed for fast screening of the
samples and selection of the interesting onesdtaileéd analysis.

Extracts of selected samples were analyzed inldétai small molecules by GC/MS,
bigger sized molecules, and structural confirmatsond quantification of the main
chemical families done by NMR. Additionally, thensa extracts were also analyzed by
Py-GC/MS.

Infrared spectroscopy, ATR-FTIR and FT-NIR

Fourier transform infrared spectroscopy with amraiated total reflectance accessory
(ATR-FTIR) is a solid state technique that providedingerprint of the chemical
composition of the material. For qualitative anaysexcels in terms of high-throughput
and the amount of information that can be retrief@th the spectra. It is a routine
technique used for many purposes including quaivigand qualitative work.

Fourier transform near-infrared spectroscopy i®lal state technique that provides a
fingerprint of the chemical composition of the nigtk For quantitative analysis it excels
in terms of high-throughput although being an iedirtechnique requires calibration. In
our laboratory it is a routine technique for mamass now, used mainly for quantitative
analysis, here we show that it can also be usedualitative work providing a high-
throughput screening tool.

The ATR-FTIR spectra of thBinus sylvestris wood were acquired on the solid wood
(strip), on the non-extracted meal, on the extvaeliee meal and on the extracts.

The limitations of the ATR single reflection cedl @vident for solid wood, in the spectra
of the x-strip the spectra does not show the rpsaks in fact it is more similar to the
spectra of the wood strip part without resin. Oa dther hand, the spectra collected in a
thin slice taken from the strip could be squeezgairest the ATR cell promoting the
intimate contact, so the spectra clearly reflee& presence of resin with the most
prominent carbonyl elongation peak from resinicait 1721 cnhand the aliphatic CH
elongation symmetric and asymmetric at 2925'@nd 2869 cm.

The problem is partly explained by the fact tha thamond cell is not levelled in the
plate instead it is at a few microns below the aef in the case of the strip wood this
prevents an intimate contact between the sampléhencell window. As can be seen the



remaining of the spectra resembles the spectrdaefwmood, meaning that the other
chemical components are less affected by this pneblThis means that resin has a
different refraction index from the remaining m&éemand probably more close to the
refraction index of the diamond cell so the evaaescay is lost due the lack of contact.
This means that at least for extractives (softwdbé)equipment does not offer a real

screening high-throughput tool to assess differetoth in content or composition.
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Figure 4.1 ATR-FTIR spectra of a thin slide witlsire(blue), and from the x-ray strip

with resin (green) and without resin (red).

In the same strip FT-NIR spectra were acquiredsothe suitability of NIR for screening
samples for extractives content. The spectra oivibd strip reveals clearly the presence
of the CH from the resinic acids at 4363 drform combination bands at 5824 ¢rand
5708 cm' from the first overtone and from second overtcate8364 crrt.
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Figure 4.2 NIR spectra of from the wood strip wigisin (blue) and without resin (red).

The PCA analysis of the spectra collected in thevalstrip from pith to bark at 1 mm
interval reveal a clear separation along PC 1 efdpectra with resin and the spectra
without resin.
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Figure 4.3 PCA scores plot of the NIR spectra fiive wood strip collected at 1 mm

interval with resin (blue) and without resin (red).



Besides the separation in two groups, it is cleat the non-resin wood part is more
homogeneous than the part with resin, this openspaortunity for fine sampling in
predefined points for a deeper understanding ofitkibution and composition of the
resin in the wood.

The ATR-FTIR spectra of the dichloromethane, ethamul water extracts show the

potential of this technique for a fast screeningaitent and composition of the extracts
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Figure 4.4 ATR-FTIR spectra of dichloromethane &attblue); ethanol extract (orange)

and water extract (green) froRinus sylvestris wood trees.

In a glance it is possible to distinguish the sggeatcording to the solvent. The spectra
of the dichloromethane extract is dominated by @aybelongation at 1703 ctrand the
aliphatic CH elongation at 2925 cfand 2854 cr from resin acids. The spectra of the
ethanol extracts show the characteristic aromatigsrvibration at 1590 cthand 1512
cmt. The spectra of the water extracts are dominagettidintense C-O-C band at 1033
a characteristic band of the polysaccharides. 3lhisvs also that the polyphenols were
lixiviated almost quantitatively by the ethanol edtion, this in part could be explained
by the fact that ethanol was only 98 % pure wisod& % of water. This in addition to
the fact that in the beginning of the extractioa samples also have a residual amount of

water explains the almost complete removal of podymls with the ethanol extraction.



A detailed observation of the spectra of two casting samples regarding the
dichloromethane content shows that more detailarimation can be retrieved from the
ATR-FTIR spectra.
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Figure 4.5 ATR-FTIR spectra of two contrastiPigus sylvestris wood samples with high
(red ~20 %) and low dichloromethane content (bl8é%).

The main differences are in the abundance of theoogl band, more intense in the red
spectra (high), the maximum that is shifted to Brglvavenumbers in blue spectra (low),
as well as the broader band that goes up to 1739 with almost a shoulder, a further
indication of the contribution of the esters of thay acids. While in the red spectra the
carbonyl is mainly from resinic acids origin in thkie also as a contribution from the
esters of fatty acids.

Also supporting this observation is the fact thet €CH2 elongation bands at 2928%tm
and 2854 cm are more intense in the blue spectra, also duleet@liphatic CH chain
from the fatty acids.

In addition, below 1500 crhthe intensity of the blue spectra is higher aghia to the
contribution of the esters of the fatty acids.

Conclusion

The ATR-FTIR excels in the detailed information aetjng the composition of the

extracts and in particular for the most importame®the dichloromethane. However the



FT_NIR spectra due to the high throughput and miwoation with PCA it is particularly
suitable for the detailed screening of the woogbstr

Characterization of Pinus sylvestris wood resin acids from trees with different
provenances and contrasting resin content compared by GC-MSand PCA analysis
Pines trees produce resin in its wood in varyingriities, depending on species and
environmental conditions. When injured or attackg@ny means, pine trees can produce
high quantities of resin. IfPinus sylvestris the wood resin is concentrated in the
heartwood and, in normal conditions, in relativelw quantities, less than 5%. In the
present work we analysed the resin acid contentamgposition of the wood resin of P.
sylvestris trees from 4 provenances in north amtraePortugal. The resin acids content
found were very high, varying from 4 to 31% of thkeod mass. The resin acid samples
were pooled according to their resin acid contet provenance and analysed by GC-
MS. The resin composition was dominated by dehyusti@ acid and its hydroxylated
forms (80-90%), with much smaller quantities ofediai, pimaric and isopimaric acid.
The GC-MS resin acid composition was analysed b4 BCletect eventual associations
with resin acid content or tree provenance. Thepsauof lowest resin acid content, 4%,
was discriminated mainly due to its exceptionallghhdehydroabietic acid content;
within the “16% resin acid” content group two praaaces were separated due their very
different phenolic acid content.

The detailed analysis is already in paper formasédmission (Graca et al. 2017a).

A complex mixture of diterpenic acids and their oxidation products from Pinus
sylvestrisresin: a compared GC-MSand NMR analysis

The wood of Pine trees can have significant amowftsliterpenic (resin) acids,
particularly when the trees are stressed or injuResin acids are an important industrial
raw material used in a myriad of applications. @halysis of complex resin acid mixtures
have been done more commonly by GC-MS but alsoMiRNHere we analyzed a resin
acid sample from a P. sylvestris wood with an abadly high resin acid content of 30%,
both by GC-MS and NMR to compare the results. TBeNES analysis showed a mixture
of dominantly abietane-type resin acids, namelyydedabietic acid (50%) and their
hydroxylated forms (35%), and much smaller quasditdf pimarane type resin acids
(8%). The NMR analysis showed a higher proportibatwetic acid (42% to 3%) and



pimarane type acids (95% to 15%) relative to debghietic acid, comparatively to the
GC-MS analysis. It is hypothesized that the conweer®f abietadienoic acids (e.g.
abietic) to dehydroabietic acid can be significenhigh-temperature GC-MS and that
pimarane (pimaric and isopimaric) acids are undeiftated in GC-MS analysis relative
to abietane acids comparatively to NMR analysiss ttoncluded that the later can give
more accurate results, minimizing resin acids d#gran and avoiding GC-MS

guantitation bias.

The detailed analysis is already in paper formasédmission (Graca et al. 2017b).

Py-GC/MS of non-extracted samples

Selected samples non extracted and extract&inob sylvestris, Pinus halepensis and
Pinus pinaster were further analyzed by Py-GC/MS. So far the nmawblem has been
the identification of the fragments of resin peassiound in the GC/MS and also patrtially
also found in the NMR analysis was the fact that the resinic acids were oxidized and

dehydrated, so the identification of the main nesatids fragments is still ongoing.

3.5 Task 5 Qualitative phenotypical evaluation

The objective of Task 5 was the qualitative disanation of latitude-, site-, species-, age-
dependent variations in lignin-, polysaccharidend aextractives composition. The

expected results were:

a) confirmation of the trend found for latitude-daaltitude-dependent lignin content
obtained in the preliminary work, by analyzing dabghal samples and to investigate the
pattern of polysaccharide.

Altitude-dependent chemical composition of spruce trees investigated by
analytical pyrolysis

Increment cores were taken from Norway spruce t(Peea abies [L.] Karst.) along
altitudinal gradients of (i) 500 m in the Achentallley and (ii) 900 m in the Zillertal
valley, Austria. The first fifty tree rings were Iseted to investigate the lignin
composition using analytical pyrolysis. Two addiiib trees/site/ altitude were assessed

and also the single tree/site/altitude previouslseased in the preliminary work. These



samples were repeated to ensure comparabilityeofdbults due to a change in the GC
attached to the pyrolysis system between prelingimanrk and these new results.
Analytical pyrolysis (Py-GC/FID) was performed walrCDS Pyroprobe 1000 with a coill
filament probe connected to an Agilent 7820 by & interface (270 °C). Each sample
(75-80 pg) was pyrolyzed at 650 °C for 10 s witbraperature rise time of approximately
20.0 °C ms-1.

Principal component analysis (PCA) was performedgi$he Unscrambler® X version
10.4.1 (CAMO A/S, Trondheim, Norway). For PCA thergentage of the c-, cH-, cP-
polysacharide derived peaks as well as G- and hiAigerived peaks from the pyrogram
(the area of a peak divided by the sum of the afedl used peaks multiplied by 100 %
was used. Py-lignin was calculated as [(G+H)/(c+oPHG+H)]x100.

Main results

Subjecting lignin and polysaccharide-derived pys@yproducts of the samples to PCA
led to a separation of the samples without showiotgar altitude-dependent pattern
The principal component analysis based on G-ligiow a separation of the samples
according to site except for one Achenkirch santgidelled as 1250 (meaning from 1200
m altitude) that lie in the Zillertal cluster. Traample is one of the samples with the lower
py-lignin as well as the lowest H/G ratio among &ckirch samples which could in part

explain this behavior.
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Figure 5.1: PC1 — PC2 scores plot using resultsefmh altitude from Zillertal and
Achenkirch sites and G lignin-derived pyrolysis guots (upper) and the corresponding
correlation loadings (lower).

The correlation plot shows that there are four petbeled as g1, g4, g 14 and g20,
accounting for the separation between the two.sites

These results also make clear that there is aagpalamong trees within sites besides
the separation between sites but there is no depaeccording to the altitude. A further
PCA analysis within each individual site also sh@wlear separation among trees but
also no separation among altitudes.

The principal component analysis based on cH-pobfsaride peaks show the same

separation and again the Achenkirch sample labaket250 (altitude) do not lie within



nor close to the Achenkirch cluster (but not alsthiw the Zillertal cluster as happen

before.
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Figure 5.2: PC1 — PC2 scores plot using resultsefmh altitude from Zillertal and
Achenkirch sites and cH pyrolysis products (up@en the corresponding correlation
loadings plot (lower).

Interesting the left to right separation, alongPi€ related to the amount of levoglucosan
(34cH) the main cellulose pyrolysis peak accountingaverage for about 15% on the
total identified area, but the separation of théieul250 (altitude) is more linked to the
amount of Pyran-(4H)-4-one, 2-hydroxymethyl-5-hydr®,3-dihydro (32cH).

These results show that even if the lignin conséoiv an increase (concomitant cellulose

decrease) with altitude, the composition of ligninThe results also revealed



polysaccharide- and lignin-specific differenceswssn sites and additionally a clear

separation among trees within sites

Latitude-dependent chemical composition of Pinus sylvestris trees investigated by

analytical pyrolysis. From Artic Circle up to Timberline.

Fna g e | o Site 5: Kenesjarvi (north)
y @7 = | . Site4: Inar, Kaamanen
e  Site 3: Inari, Laanila

* Site 2: Tahtela

e Site 1. Rovaniemi (south)

Scots pine Rinus sylvestris L.) trees of well-defined sites north of the Acc@ircle in
Finland (from south to north: site 1 RovanienietTahtela; site 3 Inari, Laanila; site 4
Inari, Kaamanen; site 5 Kenesjarvi) were invesédai ree rings of the consecutive years
1989, 1990, and 1991 of each tree were analyzeeli®the changes in pyrolysis system
(different GC) all samples analyzed previously wearelyzed again. Since in the
preliminary work the main differences were betwa#e 1 and 2, all the remaining
available samples from site 1 (3) and 2 (4) weidyaed.

Analytical pyrolysis (Py-GC/FID) was performed wdalrCDS Pyroprobe 1000 with a coill
filament probe connected to an Agilent 7820 by adw interface (270 °C). Each sample
(75-80ug) was pyrolyzed at 650 °C for 10 s with a tempegatise time of approximately
20.0 °C ms-1. The measurement was repeated tvautdifmes. The identification table
of all compounds (pyrolysis products) can be foalsgwhere.

Principal component analysis (PCA) was performedgu3he The Unscrambler® X
version 10.4.1 (CAMO A/S, Trondheim, Norway). F@A°the percentage of each peak



from the pyrogram (the area of a peak divided lgydhm of the area of all used peaks
multiplied by 100 %) was calculated. For the petage of the G- and H-lignin-derived
peaks from the pyrogram (the area of a peak dividethe sum of the area of all used

peaks multiplied by 100 %) were calculated.

Main results

The scores plot based in all samples and all viesalpeaks of the pyrolysis products)
show a separation of the site 2 samples (left) ftbenother groups along PC 1 and a
smaller separation with site 3 samples along P&ditionally, four samples from site 1
were separated to the lower far right. Two samfstas same tree of the site 2 were also
clearly separated in the right upper corner. Unifaately, the year 89 from the same tree
was missing. A close look at the results showtthede two samples have, most probably,
compression wood since they had the highest pydigncombination with the highest
H/G ratio. Apart from that, a separation amongdre&hin sites was also noted and in
general a small separation could be observed amomgecutive rings of the same tree
but not following a particular pattern. Notable egtions were samples 2-6-91 and 3-3-
89 (site-tree-year ring, respectively) that wereadly separated from the other two
corresponding samples (89, 90 and 90, 91 respégtikabelling the samples according
to the variation of levoglucosan (not shown) shewdear trend from left (about 5%) to
lower right (from 12 to 16%). The two outliers (ime upper right corner) are the only
ones that do not follow this trend since despitkigh the lignin content and composition
due to compression wood they also have a relativigly amount of levoglucosan.
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The PCA analysis with the two outlier samples reatbshow a separation in two clusters
with all the site one samples to the right andradisite 2 samples to the left the samples
from site 4 fall in the frontier between the twdelsamples from site 5 lie well inside of
the XCuster of the site 1 as well as two samplas fsite 3. The remaining samples from
site 3 lie in the middle of the site 2 cluster.

Interestingly the PCA analysis using lignin varebl(all, G or H) did not showed a
separation pattern regarding sites or year, oldygger separation among trees and among
years within trees.

However, an interesting pattern resulted from t8& Rnalysis of the cH-polysaccharide

derived peaks (Fiure 5.4).
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89, 90 and 91 and cH variables (A) and the corneding correlation loadings plot (C).



The samples from year 90 lie in two tight groupec{ed) one to the right including trees
from site 2 and one from site 3, with the samp®& 20 close by, and the other near the
center including trees from sites 1, 5, 4 the otiter3 sample 3 3-3-90. This year-specific
separation of the polysaccharide products is in@deedry interesting finding, as far as
we know, it is the sole registered influence of smuort of environmental condition on
the composition of the polysaccharide but not gnith composition which is knowingly
influenced by environmental conditions. This pagore interesting than the latitudinal
so further analysis of the remaining samples from dther sites will be analyzed to

confirm this year-specific pattern.

Age-induced changes of wood chemical composition of Pinus sylvestristreesfrom
Boreal sites assessed by analytical pyrolysis.

Scots pine Rinus sylvestris L.) trees of well-defined sites north of the Acctegion in
Finland (site 1 Rovanieni, site 4 Inari, Kaamaned site 5 Kenesjarvi at the northern
timberline) were investigated. Up to ten annuagsiof the about 40- year-old trees were
combined to a sample, one tree per site. The sam@ee labeled e.g. 590 meaning site
5 decade 90 (combined tree rings of the nineties).

Analytical pyrolysis (Py-GC/FID) was performed wdahtCDS Pyroprobe 1000 with a coil
filament probe connected to an Agilent 7820 by atée interface (270 °C). Each sample
(75-80ug) was pyrolyzed at 650 °C for 10 s with a tempeeatise time of approximately
20.0 °C ms-1. The measurement was repeated tvoutdifmes. The identification table
of all compounds (pyrolysis products) can be foalsgwhere.

Principal component analysis (PCA) was performedgi$he Unscrambler® X version
10.4.1 (CAMO A/S, Trondheim, Norway). For PCA thergentage of each peak from
the pyrogram (the area of a peak divided by the sfirthe area of all used peaks
multiplied by 100 %) was calculated. For the petage of the G- and H-lignin-derived
peaks from the pyrogram (the area of a peak divilethe sum of the area of all used
peaks multiplied by 100 %) were calculated.

Main results

Consecutive decades of the same site (and tree)edireeparated in sites 1 and 4 but not
in site 5 for the 70, 80, 90 decades of the 20tiurg. Decade 60 cluster in a tight group
well separated from all the other samples, it sadiaisn this decade some environmental

conditions superimposed the different genetic bemkgd producing similar lignin and



polysaccharide composition. In the same way deB@dme separated in two groups one

including site 1 and 2 the other including sitertl &, these two groups are separated

along PC 1 as well as PC 2 (Figure 5.5).
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The loadings plot show that the site 1 decades07@&d 90 are aligned in a decreasing
order according to the amount of levoglucosan (34eHd Pyran-(4H)-4-one, 2-
hydroxymethyl-5-hydroxy-2,3-dihydro (32cH). The thag plot also show that the

separation of the 60 decade is mainly due to higan@ low cH in principle with a

concomitant higher amount of lignin.
The PCA of the lignin peaks alone show the samaraéipn of the 60 decade samples,

and the distribution of the site 1 samples nowewerse order.
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Figure 5.6 PC1 — PC2 scores plot using lignin \okeis (top) and polysaccharide variables
(below).

The score plot of the polysaccharide-derived pwislproducts shows the samples of site
1 scattered in the principal score plane and theliter separation of the 60 decade
samples (sites 1, 4 and 5), which shows that thée@@de are clearly separated, both in
the lignin as well as polysaccharide compositioonf the other decades. The decade 70
also show a kind of a decreasing pattern of cedkiloontent from site 1 to 5 (arrow,
Figure 5.6), although site 4 is more close to ke kthan to the site 5. The two small
clusters of the 90 decade are now even more tgpeaally so the one including site 4

and 5 that in the lignin score plot did not appear.

Conclusions

Due to the different pyrolysis products obtainedan be concluded that differences in
the lignin and polysaccharide building blocks exikte to varying environmental
conditions.

Analytical pyrolysis, provides a fingerprint of tlrehole chemical composition of the
wood that can be used for the phenotypic variadibthe tree-ring level. It is a micro-
chemical technique that converts, by heat in tlseabe of oxygen, nonvolatile polymers
into a volatile degradation mixture that are sefg@raby gas chromatography (GC)
identified by mass spectrometry (MS) and quantifiath a flame ionization detector
(FID). Analytical pyrolysis in combination with picipal component analysis (PCA) to
evaluate the pyrolysis results with respect toeddhces in lignin and carbohydrate
composition allowed to reveal age- and latitudezBedifferences in lignin content and
composition of pine and altitude-specific differeador spruce lignin composition.
Although some hints on structural differences gnin or polysaccharides can be
obtained from several studies as summed up recethity assignment of pyrolysis

products to lignin or polysaccharide structurestiisa challenge for the next decade.

3.6 Task 6 Quantitative phenotypical evaluation

The pyrograms obtained in Task 5 were subsequersiy in task 6 to obtain the
quantitative information. So only the results drewen in order not to duplicate the part

referring to the material and methods.



Altitude-dependent chemical composition of spruce trees investigated by

analytical pyrolysis

The lignin content increases from the valley uph®stimberline (Table 6.1) in both sites.
The evaluation of the pyrolysis results, with regge differences in lignin composition

using G- and H-lignin-derived peaks from the pyergs, shows that the ratio of the lignin
components varies along the altitudinal gradiendrédver, it provides evidence for an
altitude-dependent trend in the lignin compositiBoth G and H increase with altitude
but since G are the predominant peaks and shovsodarger variation the net result is
the increase of the H/G ratio. These results canfirevious results obtained with one
tree/site/altitude. On the other hand, hexoses ensrkecreased with altitude, while
pentose markers, like lignin, tend to increase valtitude (Table 6.1, Figure 6.1).

Carbohydrate pyrolysis products that could not hequivocally assigned to hexoses or
pentosanes (c) show no particular trend on Achehldut in Zillertal show a clear pattern
increasing with altitude (Table 6.1, Figure 6.1heThigher and lower H values were

obtained in the upper and lower altitudes respeltivn both sites (Table 6.1).

Table 6.1 Analytical pyrolysis results obtained forhenkirch and Zillertal valleys at

different altitudes, results are the average a@ddhrees/site/altitude.

Local Altitude cP/cH h/g (h+g)/all C cH cP g h
1550 10.7 0.047 24.0 34.6 34.6 3.7 22.0 1.05
1420 10.5 0.047 24.4 34.2 34.9 3.7 22.4 1.05
Achental 1250 10.1 0.046 23.7 34.7 35.0 3.5 21.7 1.02
1020 10.2 0.045 23.2 34.4 35.7 3.6 21.3 0.96
1780 11.1 0.047 23.7 35.4 34.2 3.8 21.8 1.0
1560 11.9 0.043 226 35.6 34.6 4.1 20.8 0.9
Jillertal 1200 9.4 0.041 225 34.1 36.9 3.5 20.8 0.8
1120 9.8 0.046 23.0 33.7 36.7 3.6 21.2 1.0
850 9.6 0.041 23.0 32.7 37.7 3.6 21.2 0.9
750 9.6 0.037 21.4 33.9 37.9 3.6 19.8 0.7

In order to see in a glance all the variationsrésailts of table 6.1 were normalized and
presented as graphs, the idea is only to lookeatrnds because not all variables have
the same weight, it seems that cP has a largeatia@riin relative terms but since it's
weight is smaller compared both with ¢ and cHiitipact is smaller.
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Figure 6.1 Plots of the normalized variables fohéatal and Zillertall.

Latitude-dependent chemical composition of Pinus sylvestris trees investigated by
analytical pyrolysis. From Artic Circle up to Timberline.

With the increased number of trees analyzed theasing lignin pattern with latitude no
longer applies. In fact, as can be seen only cBfaivs an increasing pattern with latitude
with the exception of the Northeastern site (T&bhB.

Table 6.2 Analytical pyrolysis results obtained tagtudinal gradient from the Circle
Artic (1) to Timberland (5).

Site cP/cH h/g (h+g)/all c cH cP g h
1 11.2 0.038 22.9 37.0 34.2 3.8 215 0.81
2 11.8 0.041 23.6 39.6 313 3.7 22.2 0.92
3 11.9 0.035 23.2 39.6 317 3.8 21.9 0.76
4 14.2 0.035 22.6 39.1 317 45 21.3 0.75
5 12.7 0.040 23.0 38.0 32.6 4.1 21.4 0.85

The lignin content is positively and moderatelyretated with lignin composition as
assessed by the H/G ratio (R=0.53), and weakly eftlcH and cP, and negatively with
cH, among years and sites. The generic polysaashpsirolysis product c is negatively
correlated with cH (moderately) and cP (weakly)q[€e5.3).



Table 6.3 Cross-correlation among aggregate gaéimé pyrolysis products.

cP/cH h/g (h+g)/all c cH cP g h
cP/cH - 0.33 0.36 0.02 -0.48 0.88 0.32 0.38
h/g - 0.53 -0.39 -0.07 0.31 0.40 0.97
(h+g)/all - -0.25 -0.44 0.16 0.99 0.72
C - -0.72 -0.36 -0.15 -0.38
cH - -0.01 -0.50 -0.19
cP - 0.08 0.30
g - 0.61

h -

Age-induced changes of wood chemical composition of Pinus sylvestristrees from
Boreal sites assessed by analytical pyrolysis.

The age induced effects only on polysaccharidelpsi®products, cP/cH (decrease), cP
(decrease) and c (increase) with age, but eveheisetcases it is clears that decade 60
does not follow the trends as it was in part exgeetccording to the PCA results (Figure
5.5). Also interesting is the stable cH resultshaf decades 50, 70 and 80, the variation

among them is within the error of determination #rmeldecrease at 90 (Table 6.4).

Table 6.4 Analytical pyrolysis results obtained d@cades 50 to 90, averages for site 1,
4 and 5.

Decade  cP/cH h/g (h+g)/all c cH cP g h
50 14.5 0.039 22.4 36.1 33.7 4.9 20.7 0.81
60 16.2 0.042 24.1 37.4 30.8 5.0 22.3 0.93
70 12.8 0.038 22.8 36.6 33.7 4.3 21.2 0.80
80 12.8 0.040 21.8 37.5 33.8 4.3 20.3 0.81
90 12.0 0.038 22.5 38.9 32.5 3.9 21.1 0.80

The cross correlation results for the age indudeshges is quite different from the
previous cross correlation for latitude. The latkarelation between lignin composition
(H/G) and content (py-lignin) is noticeable, butwas not the only surprise, also the
correlation of py-lignin with cH (moderately negat) and positive with cP.

The generic polysaccharide pyrolysis product c égatively correlated with cH
(moderately) and cP (weakly) in line with previdimlings (Table 6.3). These suggests
that the age induced changes can also be seea quéntitative and aggregate pyrolysis

results.



Table 6.3 Cross-correlation among aggregate qaéimgtpyrolysis products.

h/g py-lignin C cH cP g h
cP/cH -0.01 0.62 -0.17 -0.64 0.96 0.57 0.26
h/g - -0.22 -0.08 0.16 0.04 -0.33 0.91
py-lignin - -0.19 -0.64 0.49 0.99 0.21
c - -0.53 -0.40 -0.12 -0.14
cH - -0.40 -0.66 -0.13
cP - 0.43 0.25
g - 0.10

Longitudinal and radial variation of wood chemical properties.

It is well known the physical and anatomical ofiehdariation pattern form pith to bark,

it is an important ontogenic regulator of wood fatran that serve as criterion for
distinction between juvenile- and mature-wood. Twell marked in the steep increase
of fiber length (also density) in the first 15 ygar so (juvenile wood) followed by a
plateau (mature wood).

It is also readily described in wood chemistry bexiks that a similar pattern of variation
for chemical composition exists consisting in ardase of the lignin content with a
concomitant increase of the cellulose content.

An adultPinus pinaster tree from the famous Leiria National Forest wdke@eand disks
were taken at several heights to study the longialdand radial variation of wood
chemistry.

The disk closer to base was additionally sectianemiore or less a decade, except the
sample closer to the pith that was sampled comgiall heartwood including about 15
years, considered by many as the correspondirtgetpuvenile-wood.

The longitudinal pattern showed a trend of incregdignin content and composition with
height which implied a decrease in the pulp yield ancrease in kappa number, no clear
pattern was found for extractives.

The radial variation did show a higher lignin amband composition for the juvenile
wood and a leveled off after that, in line with tegpected juvenile/mature wood
dichotomy. (Figure 6.2). Regarding extractives eahtapart from heartwood it was
noticeable a decreasing content to the bark. Bufiett that these disk the most interesting
years (below 15 years) were already heartwood maila that interesting for a detailed

observation of the sub-tree-ring level analysis.
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ub-tree-ring level (earlywood-latewood) analysis by analytical pyrolysis

Opposite side

The detailed analysis of Rinus pinater wood disk taken at DBH show a systematic
variation at year-ring level between early-wood (EAd late-wood (LW) both for lignin
content (- 2 %) and composition (+ 0.005) at theagite side (Figure 6.2, left).
Moreover, there are no radial trend both for ligeamtent or H/G ratio with age, although
the two first years close to the pith do show thghér lignin content. For instance, the
lowest lignin content at year-ring (YR) age wa¥Rt6 (24.1 %) it seems likely that the
within ring variation is more determined by yeasgriations in the environmental

conditions than determined by ontogenesis.
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Figure 6.3 Radial variation of the lignin contentlacomposition (H/G ratio) at sub ring
level of aPinus pinaster wood disk (12 years-old). Compression wood (CVug gieft)
and opposite side (right) of the same disk. Whaerds early-wood, yellow boxes late-

wood.

Compression wood side

The compression wood side reveals very interegtatterns, apart from the year 2 that
seems like that the entire wood ring is CW. Infilllowing YR (3) it is visible a clear
EW followed by a brownish CW that extends to thd ehthe season/beginning of the



following year. This CW was formed in the envirommheonditions related to the
formation of EW (CW-EW) but since its growth clgaextends to the end of the season
was also formed in the conditions were LW was Ugua@veloping (CW-LW). The lignin
content and composition of the CW-LW is systemdiidadifferent from the CW-EW, as
can be seen in the year-ring 3 (YR-3) to YR-6. R-3 the lignin content was lower at
EW (28.3 %) than increased to EW-CW (30.4 %) arctetesed again to LW-CW (28.8
%). The lignin composition also varied from 0.043/\() to 0.088 (CW-EW) and 0.082
(CW-LW). All the values were higher that the YR{3loe opposite wood 26.7 % — 0.034
(EW) and 24.6 % — 0.037 (LW) (lignin content andngmsition respectively). This
pattern was kept through YR-4 to YR-6. At YR-7 heee coincident with the
disappearance of the CW the lignin content and asitipn was lower in the EW (25.9
% - 0.040) and LW (24.9 %, 0.050) of the compreassiood side in comparison with the
opposite side (EW 28.0 — 0.044, and LW 24.3 % 4®)0This pattern was maintained in
the remaining YRs.

Sub-tree-ring level (earlywood-latewood) Pinus pinaster wood disks
In order to further confirm the EW-LW pattern prewsly found (Figure 6.3), additionally
6 different genotypes trees were assessed atyhezeaing 2, 5 and 8 for lignin content

and composition.
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Figure 6.3 EW-LW and YR variation of the lignin cposition (H/G ratio) and content
at YR 2, 5 and 8 for 6 differefinus pinaster genotypes.



The pattern of variation found earlier was conwigty confirmed. For each YR the lignin
content was lower at EW (at least 2 % absoluteegland the lignin composition was
higher in the LW (at least 0.03).

Sub-tree-ring level (earlywood-latewood) larch spp. wood disks

Twenty-two year-rings from 10 wood trees of larpip.sForm Austria were assessed for
lignin content and composition.

The patter EW-LW previously found f&linus pinaster was again observed in larch spp.
Wood disks from 10 trees from Austria.

Py-lignin H/G
LW EW LW EW
231 1 22.1 23.6 0.047 0.045
231 2 22.8 23.5 0.048 0.048
232_1 25.0 25.3 0.082 0.049
232 2 22.9 24.2 0.038 0.047
305 1 23.1 25.1 0.041 0.044
305_2 23.3 24.4 0.044 0.040
305_3 23.7 25.4 0.055 0.046
311 1 24.7 26.1 0.057 0.050
311 2 22.8 25.3 0.046 0.045
325 1 24.4 24.9 0.048 0.043
325 3 22.6 26.0 0.046 0.039
325 2 24.1 26.2 0.056 0.044
3311 22.6 25.6 0.050 0.043
331 2 22.6 23.8 0.045 0.051
331 3 23.7 23.9 0.048 0.046
335 1 22.2 27.3 0.048 0.050
335 2 23.9 24.2 0.051 0.057
345 1 24.4 24.7 0.042 0.048
345 2 24.2 24.1 0.043 0.045
338-1 26.1 25.7 0.124 0.049
361 1 24.7 25.6 0.041 0.042
361 2 23.5 24.7 0.044 0.050

Average  23.8 252  0.053  0.047

On average the lignin content was higher in EW .&) and the lignin composition was
lower (-0.006).



Conclusions

It was found both foPinus pinaster andLarch spp. that the lignin content is higher in the
EW than in LW. This can be explained by the comlgfiect of two factors, in one hand
the relative proportion of secondary cell wall (SCW the compose middle lamella
(CML) is considerably lower in EW than in LW, thiscombination with the known fact
that the lignin is uneven distributed with a loveencentration in the SCW and higher,
up to twice as much, in the LCML.

More interesting and so far a novelty is the pattd#rthe higher H/G ratio found in LW.
This is even more interesting due to the fact thainstitutes an inverse correlation with
lignin content which is exactly the opposite caatin between the two generally found.

Analysis of sugars by analytical pyrolysis

Pinus pinaster samples (31) were analyzed for lignin content soredhydrolysate was
sent to Hamburg for sugar analysis. Prior de amafsalytical pyrolysis was performed
in an aliquot of the sample used for hydrolysis.

Correlations between analytical pyrolysis data #mal results of sugar analysis were
correlated by partial least squares regression{RL$sing The Unscrambler® X version
10.4.1 (CAMO A/S, Trondheim, Norway). Several apéswere performed by varying
the predictors variables, from all variables tocsfoe groups like all carbohydrate, only
c, only cP and only cH. Overall the best resulteavadtained using all variables including
the polysaccharide and lignin variables.

The best overall model was obtained for glucodeviad by galactose and mannose, the
model for arabinose is useless. It was not possibtievelop a model for xylose. These
are promising results that show that in principaould be possible to assess the wood
polysaccharide composition by analytical pyrolydievertheless, they are only a bit
inferior to the models obtained using near infragpdctra data.

Detailed discussion of this results will be pubéidisoon.
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Figure 6.4 plots of predicted versus determinedgfacose, galactose, mannose and

arabinose.

3.7 Task 7 Infrared spectroscopy

The activities previewed in this task related te #ttquisition and solid state analysis of
infrared spectra collected with an infrared micagse using an ATR-objective, were not
fulfilled. These activities were planned to be p@d in the University of Boku, Austria
by Manfred Schwanninger that passed away in Decef01sS.

The main advantages of the infrared microscopeguam ATR-objective were: i) the
ATR cell is pressed from above against the woodvkat is needed is just to have a
surface well prepared, ii) additionally the systemas automated, so apart form the time
required to the set up put the sample in the momoes and set the coordinates the
remaining part, spectra acquisition, proceededtendéed.

Since we did not possess a similar system and wie cot find a researcher, in BOKU,
interested in pursuing the work we were left witlr only option a convention infrared
with a single reflection ATR equipped with a diardocell. The limitations of this
equipment apart from the fact that it is not automs that this equipment was not
designed for the acquisition of the spectra actjorsin solid state. The spectra of liquids

and slurries are excellent in wood power are verydgbut in solid state are of limited



quality. The quality of the FTIR-ATR relies in tlodbose adherence of the sample to the

ATR window, this is difficult to do with solid wood

ATR-FTIRand FT_NIR solid state calibrations for the wood of Picea abies.

The sampling consisted of 8 cores from +30 yearRvmka abies treesfrom Sweden.
From the increment cores, 2 mm radial strip segménbom pith to cambium) were
prepared. These strips were air-dried and conditiat 22% relative humidity and 22 °C.
The spectra were obtained in the transverse se@ioal direction).

In each core between 2 and 3 semi-micro drillingsenobtained as described in Task 1.
ATR-FTIR spectra were acquired in the closet posiof the drilled hole. FTIR-ATR
spectra (32 scans per sample, spectral resolutidncan—1 and wavenumber range of
4000-400 cm-1), using a diamond single reflectitbtenaated total reflectance (ATR)
device, were recorded with a Bruker FT-IR specti@m@lpha) and a zero filling of two
was applied.

FT-NIR spectra were acquired with a fiber probedruker MPA instrument (100 scans
per spectrum at 8 crhresolution, and a zero filling of two, in the wawenber range
from 12000 crit to 4000 crt).

For the PLS-R modelling Opus Quant package was tosesdate the spectra information
with analytical pyrolysis data.

In general, better models were obtained for FT-Mi&h for ATR-FTIR, except for H/G,
this in part can be explained due to the alreadytimeed fact that using a strip of wood,
even if it is thin, makes the intimate contact begw the wood and the ATR cell more
difficult which is detrimental for the quality ohé¢ spectra. Even dough the quality is
enough to perform the screening of the materiadbld@.1. However, for H/G even with
the constraints referred, the better model wasimedawith ATR-FTIR. It will be to
validate the models using an independent numbeyaofples, covering the range of
variation, to further confirm this results. If tsame trend persist it could be related with
the fact that in the middle infrared range (FTIR) variation in H/G ratio also affects the
position of the maximum of the lignin peak in theirity of 1510 cm' due to the ring

vibration, that could have helped in the qualityled model. If confirmed it would open



a wider range of applications for the ATR-FTIR dpescopy. One of the main
advantages of ATR-FTIR is that it requires a lowember of samples for modeling.
For the pentosans/ hexosans ratio (cP/cH) it wég mossible to develop a model for
(FT-NIR) with modest statistics that only allow teeparation of the samples in two
extreme groups (high and low).

Table 7.1 Statistics of the PLS-R models based GiR-ATIR and FT-NI spectra
collected orPicea abies wood strips.

Data set
PreProRange (no.of Cross-validation
samples)
r? RMSECV (%) RPD RK Out
cP/cH 2ndDer (7500-5450 cm™) 54.3 1.67 1.5 3
FT-NIR (Fiber probe) H/G 1stDer VN (6100-5450 cm™) CV (26) 85.4 0.008 2.6 3 2
Py-lignin (%) 1stDer (6100-5450 cm™) 93.6 0.73 4 3 3
cP/cH - - - - - -
FTIR-ATR H/G 1stDer VN ( 1463-1098 cm™) CV (26) 91.3 0.0053 34 5 3
Py-lignin (%) MSC (1824-1098 cm™) 76.3 13 2.06 3 8

Although the best model was obtained with ATR-FRact it is quite easier and faster
to acquire the spectra using the fiber probe, gadicularly more difficult to align the
position of the wood strip in the wood strip, fasiance for the 18 cm strip in Figure 7.1
it takes 180 min to acquire the spectra using ither forobe in the conditions described,
but with ATR-FTIR it is minimum is twice as much.

Figure 1 shows the predicted variation of one efZiilertal samples collected at 750 m
(Task 6) at 1 mm resolution using the PLS-R basethe FT-NIR spectra with a fiber
probe.

The general pattern of higher H/G associated ewlabd and lower at earlywood can be

seen.
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Figure 7.1 Predicted H/G ratio of Ricea abies solid wood radial strip with spectra

collected with a fiber probe at a 1 mm resolutiditi¢rtal 750 m.).



Extractives calibration for Pinus sylvestris and Pinus halepensis

Although the ultimate goal was to obtain models datractives content with spectra
acquired in solid state the first step was to pitbeae it would be possible to obtain models
in wood powder. The powder models can be furthedus help in the development of

the solid wood modelling.

Pinus sylvestris

The samples ofPinus sylvestris were available from the project PTDC/AGR-
CFL/110988/2009 (coordinated by Lima Brito, UTADIiJ&/Real), in this project it was
previewed the analysis of 90 samples collected ffowa representative sites of P.
sylvestris distribution area in Portugal. The weathples were collected in adult trees at
breast height (1.3 m) by extraction of one increnoene of 12 mm per tree, from bark -
bark. From the increment cores, 2 mm radial segnsents (from pith to cambium) were
prepared. The material left from each incremeng cafter removing the radial strip for
x-ray analysis, was preliminarily milled in a cagi mill Retsch SM 100 with a 6 mm
sieve and further with a RETSCH Ultra CentrifugallMM 100 with a 1mm screen
sieve. Samples were milled to pass 1 mm sievealqdots of the milled wood were
successively Soxhlet-extracted with dichloromethatiganol and water.

Fourier transform near infrared (FT-NIR) spectraravebtained in the wave number
range from 12000 to 4000 chwith a FT-NIR Bruker MPA spectrometer (Bruker Qgti
Ettlingen, Germany) in diffuse reflectance modengsa spinning cup module for the
wood powder and using the a fiber probe with a 1sfibnfor the strips used for x-ray
analysis. Each spectrum was obtained with 100 saaasspectral resolution of 8 dm
and Zero-filling 2.

Instead of performing 270 extractions in total (8@Gmples times 3 solvents,
dichloromethane, ethanol and water), as previewethe project proposal, only 117
analyses were performed (39 samples times 3 s@lyetite remaining ones were
predicted after successful models development. Rhase the results of 27 trees were
used for developing the models and 12 for validatio

These samples had an unusually high extractivegerbiiTable 7.1) especially so in
dichloromethane, (selected samples were analyzethéoanalysis of extractives, c.f.
Task 4).

Table 7.1 Descriptive statistics of the extractigestent of Pinus sylvestris wood



Extractives contenDichloromethar  Ethanol Water Total

No. of samples 39 39 39 39
Maximum (%) 28.5 3.0 2.0 32.4
Minimum (%) 2.9 1.8 0.3 5.9
Average (%) 10.7 2.2 1.0 13.9
SD (%) 5.9 0.2 0.5 5.9
CoeVar (%) 55 10 50 42

SD: standard deviation; CoeVar: coefficient of aéion
Models with very good statistics were obtaineddiwhloromethane and total extractives
content, but not for ethanol or water or even thalgination of ethanol and water (Table
7.2), despite the CoeVar for water being similahtaCoeVar for dichloromethane (Table
7.1). This in part can be explained by the muchelorange of variation for ethanol (1.2
%) and water (1.7 %) when compared to dichloronmeth{@5.6 %).

Table 7.2 Statistics of the PLS-R models for exivas content of Pinus sylvestris wood

Data set Cross-validation Data set Test set
Extractives (%) ’reProRar (no.of 5 RMSECV (no.of 5 RMSEP
samples) o0 RPD RK OUl  Gamplesy ' o0 RPD RK out
lc 9948 0.35 13.9 1 1 9921 047 13.1 1 0
) 2¢ 99.35  0.38 12.4 1 1 9941 045 13.4 1 0
Dichloromethane 5 ¢ 2T 9776 063 6.7 1 1 12 98.91  0.62 10.8 1 0
4c 99.01 043 10.1 1 0 99.24 051 115 1 0
lc 99.00  0.59 9.99 1 0 97.78  0.77 6.8 1 0
2¢ 98.72  0.65 8.8 1 0 9832 071 78 1 0
Total 3c z 98.11 074 7.3 1 0 12 98.02 083 75 1 0
4c 98.28  0.72 7.6 1 0 98.56  0.69 8.6 1 0

¢) 8000 to 4000 cm-1; 1. 1stDerVN; 2. 1stDerMSQ&iDer; 4. 1stDer

The analysis of the spectra obtained in the x-tagssshowed that the high extractives
content in dichloromethane were restricted to #eryings close to the pith. Clearly the
first YR close to the pith were impregnated witkinein such quantity the strip in this
part become translucent, the light trespassed tifiye during the spectra acquisition
(Figure 7.2). This was confused with heartwood ({Feg7.3), it was only cleared the

confusion during the acquisition of spectra for $béd wood models.




Figure 7.2 Translucent light in a strip (c.f. std® Fig. 7.3) of wood impregnated with

resin during the spectra acquisition.

SRR | )| 11))) NI

Figure 7.3 Wood strips prepared for x-ray analysese the solid wood spectra were

acquired. Strip 49 was the one with the higheshresntent (c.f. Figure 7.2)

It is clear from Figures 7.2 and 7.3 that the ageraxtractives content of the strip could
not be used to develop models for extractives cintg the ring or sub-ring level, due
to the uneven distribution of the resin, for ins&since the strip 49 (Figure 7.3) the part
with the resin is safely less than half of the lttgagth of the strip, this means that the
resin content in the first years could accountface as much of the value found for the
all strip.

Further analysis will be necessary to assess thaatives content along the radii to

develop models at ring or sub-ring level.

Pinus halepensis

Pinus halepensis samples were available form a joint collaboratiath INIA, Madrid,
Spain, from two trial one in Valdeolmos, Madrid thteer in Valencia. The samples were
drilled in the tree with a 12 mm drill. For the &ysas the small wood ships obtained were
further milled in ultra-centrifugal mill Retcsh ZNd0, with the 1 mm sieve in reverse
order. For this samples it would not be possibleltain solid wood spectra or models.
In total 93 samples were assessed for the extesctiontent.

Table 7.3 Descriptive statistics of the extractigestent ofPinus halepensis wood



Extractives % Dichloromethane Ethanol Water Total

No. of samples 93 93 93 93
Maximun 6.7 3.2 2.7 114
Minimun 1.1 0.2 0.4 3.4
Average 2.6 1.7 1.6 5.9
SD 1.3 0.5 0.5 1.6
CV (%) 48.5 31.1 29.4 27.5
Range (%) 5.6 3 2.3 8

SD- Standard deviation; CV- Coefficient of variation
The range of variation, especially for dichloronaetl although high it was by no means
comparable to thBinus sylvestris. As for thePinus sylvestris, only for dichloromethane
and total extractives content, it was possibleuibdomodels (excellent models indeed).
The models for P halepensis were even better tleartes obtained for P. sylvestris with
about half the error (RMSECYV c.f. tables 7.3 arnt).7.

Figure 7.4 Box whiskers plot for the results of éx¢ractives content in dichloromethane
(CH:CI2) ethanol (GHsOH), water (HO) and total extractives content.

Data set Cross-validation
Extractives (%) PreProRange (no.of > RMSECV

samples) : 3 (0'0) RPD RK Ollt

1st Der MSC 6100-5450 cm™ 97.8 0189 668 2 0

1st Der VN 6100-5450 cm™ 97.7 0189 652 2 0

Dichloromethane o . 4 CV(©®3» ___ _

1st Der MSC 6100-5450; 50004597 cm 97.7 0193 652 3 0

1st DerVN 7500-5450; 5000-4250 cm™ 96.5 0235 537 5 0

1st Der MSC 6100-5450 cm™ 9623 0312 515 4 0

1st Der VN 6100-5450 cm™ 9668 0295 549 4 2

Total . a1 CV(93)
1st Der MSC 6100-5450; 5000-4597 cm 9651 0302 5533 4 1
1st DerVN 7500-5450; 5000-4250 cm™ 9563 0325 493 3 O

In conclusion, it seems possible to obtain good etodor extractive content in
dichloromethane and total extractives content lids@ood but not for ethanol or water,

houever more work is still to be done in order bbain models at ring or sub-ring level.

Calibrations for cellulose and hemicellulose content in softwoods.

The determination of the polysaccharide fractionwiood is long recognized as a
challenging task. The majority of cellulose methoetsuire a two-step procedure starting
with the isolation of holocellulose followed by laton of alpha-cellulose. Once the



cellulose determined the hemicellulose can be obtained by differ®rsteple method
for cellulose determination is the diglyme method. Not only & ane-step method but
also the procedure is quite simple and easily scaled up for large scalengrreeni
Nevertheless, in terms of simplicity and throughput the diglyméhaodeis not
comparable to NIR spectroscopy coupled with multivariate anakgen though it is a
proven effective method for the establishment of partial leastesjuagression (PLS-R)
models based on near infrared (NIR) spectroscopy for cellglsient of Eucalyptus
species.

The diglyme method

A total of 27 samples dPinus pinaster (4, Pnb),Pinus sylvestris (9, Psyl) andPinus
halepensis (14, Phal) were assessed by the diglyme method. The Psylhahdvere
selected between the samples previously extracted and coveeimgnge for lignin
content. The range of cellulose content of the samples werlydemplementary being
the Phal the ones with the lower cellulose content, followed bfPslgeand finally the
Pnb samples with the higher cellulose content. (Table 7.4). In totakall0% absolute

values were considered enough for modulation.

Table 7.4 Chemical characterization of the wood Pine samples.

Phal Psyl Pnb
H/G Klason Celldig H/G Klason Celldig H/G Klason Celldig
Av 0.061 27.4 43.4 0.047 27.5 48.2 0.038 26.3 52.6
Stdev 0.009 2.1 1.9 0.007 1.3 1.8 0.004 0.56 1.4
Max 0.077 31.1 48.0 0.057 29.4 50.8 0.041 27.0 54.4
Min 0.048 24.4 41.1 0.035 25.5 45,5 0.033 25.8 50.9

However, in spite of the cellulose content range of the sammestidels developed
were not very good, the one with the best statistiésRRISECV and RPD), were not as
good as expected considering the 10 % range (0.77, 1.9, 2.0 respectively).
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Figure 7.3 Plot of the predicted versus determined cellulose content for Pjplessam

The ATR-FTIR spectra of the cellulose extracted by the diglyme methocedhdearly
not only the presence of residual lignin, but also that the amount \weteten the
samples.

The analytical pyrolysis of all cellulose extracts allowleslquantification of the residual
lignin amount and confirmed a large variation between samples. Thmselyield was
further corrected for residual lignin which allowed to improve théstics of the model
(R?> = 0.82, RMSECV = 1.5, RPD = 2.4). These results and in partiduambost
important for models comparison, the RMCECYV are closer to the al@sned for
Eucalyptus species. Nevertheless, an attempt to improve lignin removallbsnitiang
the samples did result primarily in the loss of the cellulose.

The full description of the analysis of the cellulose diglymaswsubmitted to

Holzforschung (Alves et al. Holzforschung).

Pinus pinaster NIR based PLS R models for sugar determined by HPLC

Another way to assess the polysaccharide content is to assesgdhecleased upon acid
hydrolysis for lignin content assay. To assess the hydrolysalgars there are two
methods one by GC the other by HPLC. The GC procedure is timensogsand tedious
to perform since it requires the derivatization to alditolaest There are in fact different
HPLC methods using various detector strategies.

In this experiment sugar were analyzed in Hamburg using catarditborate-ion-
exchange chromatography with two replicate hydrolyses per samgbldhree injections

per hydrolysate according.



Pinus pinaster samples (31) were analyzed for lignin content and the hydrolyssgte w
sent to Hamburg for sugar analysis. Prior de analysis FTdg#tra were obtained in
exactly the same sample used for analysis.

Table 7.5 Statistics for sugar analysis of wood Pine sarhglgsiantitative borate-ion-

exchange chromatography.

Arabinose XYlose Manose Galactose Glucose

Mean 1.5 7.0 11.5 5.4 43.8
Std Deviati 0.5 0.4 1.4 2.4 3.2
Max 3.1 8.1 13.8 11.7 49.1
Min 0.6 6.3 8.5 2.2 35.4
Range 2.5 1.8 5.3 9.5 13.7

The results obtained allowed the development of excellent modelgludcose and
galactose content and also a very good model for mannose. Howevesuhs for the

pentosane was not acceptable for xylose the most important Hefoselsugar after
mannose, and barely acceptable for arabinose mainly due to thdowemange of

variation found for both pentosans.

The main problem being that not all the glucose determined is friduttose it is needed
to make some assumptions in order to recalculate the cellulosatcanterrect for the
glucose from galactoglucomanan. Nevertheless, the models swefauperior to the

diglyme method.
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Conclusion

Both methods, diglyme and sugar analysis, can be used for developmets footee
analysis of the polysaccharide wood fraction by FT-NIR. Furdmalysis is being
performed notably the samples used for the diglyme method are now acodrse to be
analyzed by the HPLC method.



