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Pyrolysis gas-chromatography mass-spectrometry
(Py-GC/MS) to identify compression wood in Pinus

radiata saplings

Abstract: The potential of pyrolysis followed by gas-
chromatography and mass-spectrometry (Py-GC/MS) was
investigated for identifying compression wood (CW) in
saplings of radiata pine (Pinus radiata) by examining sam-
ples of CW and opposite wood (OW). Phenolic compounds
and anhydrosugars were identified among the pyrolysis
products that provided information about the cell-wall
polymers. Sample preparation, such as coarse-milling,
fine-milling, and fine-milling followed by calcium-chlo-
ride treatment was also investigated. Fine-milling typi-
cally decreased the total yield of phenolic compounds
compared with coarse-milling. Fine-milling followed by
calcium-chloride washing significantly increased the pro-
portions of pyrolysis products from polysaccharides, spe-
cifically from (1—4)-B-D-galactans that were of interest in
distinguishing CW from OW. Six pyrolysis products were
identified that were unique to the CW samples examined,
including derivatives of (1—4)-B-D-galactans and H-units
of lignin. Other pyrolysis products were identified that
had significantly different proportions between the two
wood types, and sometimes among samples of the same
wood type.
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Introduction

Reaction wood is formed in trees in response to displace-
ment of a stem or branch from its equilibrium growth
position, for example when stems are displaced from the
vertical (Scurfield 1973). In softwoods (coniferous gymno-
sperms), the reaction wood is on the underside of leaning
stems and is called compression wood (CW); the wood
formed on the opposite side of these stems is known as
opposite wood (OW) (Timell 1986). CW is considered to
be a defect in structural timber because of its inferior
mechanical properties and higher longitudinal shrinkage
than in the case of normal wood (NW) or OW, on drying.
When CW and NW are present in one piece of timber, the
heterogeneous shrinkage on drying will often result in dis-
tortion. CW is also less desirable for pulp and paper pro-
duction due to its differing chemical and fibre properties.
Thus, there is a need for detecting CW analytically.

Softwood cells are composed predominantly of tra-
cheids with thick cell walls that are composed of cel-
lulose microfibrils embedded in a matrix of lignin and
non-cellulosic polysaccharides. In NW and OW, the lignin
consists mostly of guaiacyl units (G-units), and the non-
cellulosic polysaccharides are O-acetyl-galactoglucoman-
nans (AcGGM), and 4-O-methylglucuronoarabinoxylans
(MeGluAX) (Whistler and Chen 1991; Harris 2005; Harris
and Stone 2008). However, the walls of CW tracheids,
which are morphologically different to NW tracheids
(Butterfield and Meylan 1980; Donaldson et al. 2004),
have a lower cellulose and a higher lignin content than
walls of NW tracheids (Timell 1986). CW lignin contains
p-hydroxyphenyl units (H-units), which are nearly absent
in NW lignin (Bland 1958; Westermark 1985; Nanayakkara
et al. 2009; Brennan et al. 2012). The walls of CW trac-
heids also contain smaller proportions of AcGGM, and
MeGluAX, but greater proportions of (1—4)-p-D-galactans
(up to 10%) than those of NW tracheids (Bouveng and
Meier 1959; Timell 1986; Altaner et al. 2010; Brennan et al.
2012).

CW of Pinus radiata (radiata pine) can be distin-
guished from OW and NW by detailed chemical analysis of
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the cell-wall polymers (Nanayakkara et al. 2009; Brennan
et al. 2012). Pyrolysis followed by GC/MS (Py-GC/MS) is an
established method of biopolymer analysis (Mohan et al.
2006; Torri et al. 2010). Py-GC/MS combined with princi-
pal component analysis (PCA) is a promising technique
for identifying CW (Alves et al. 2009). Pyrolysis of lignin
yields typical phenolic products, which may be substi-
tuted with one or two OMe groups depending on the lignin
type (Ralph and Hatfield 1991; M6ller et al. 2003; Rencoret
et al. 2011; del Rio et al. 2012), whereas polysaccharides
yield anhydrosugars (Shafizadeh and Fu 1973; Ponder
et al. 1990; Moldoveanu 1998) and other non-specific
products.

Milling of wood (Ikeda et al. 2001) and pulps
(Syverud et al. 2003) influences the yield of pyrolysis
products but not their relative abundance to each other
(Galletti and Bocchini 1995). The pyrolysis of coarser
particles is supposed to be less isothermal at higher
temperatures than at lower temperatures (Beaumont
and Schwob 1984), but it is not clear whether particle
size influences the ability to distinguish between differ-
ent wood types.

Pyrolysis is catalysed by Na and K cations, which lead
to non-specific degradation products with low molecular
weights in the case of polysaccharides (Pan and Richards
1989; Kleen and Gellerstedt 1995). Ca cations, on the
other hand, have no effect, thus an exchange of Na for
Ca cations by washing samples with a solution of CaCl,
increases the anhydrosugar yields (Kleen and Gellerstedt
1995). It is likely that the yields of pyrolysis products of
(1—4)-p-D-galactans, as a significant component of CW,
would also be increased by washing with CaCL,.

The aim of this study was to investigate the potential
of Py-GC/MS as a method of identifying the presence of
CW in wood from saplings of Pinus radiata. To this end,
the relative yields of the phenolic compounds and anhy-
drosugars obtained from CW and OW were compared as
a function of the particle size before pyrolysis. Because of
the importance of (1—4)-B-D-galactans for CW identifica-
tion, the effects of washing the samples with CaCl, before
pyrolysis was also examined.

Materials and methods

Wood samples

Wood samples were obtained from 18-month-old saplings of Pinus
radiata grown in the field at Amberley, Canterbury, New Zealand. The
trees had an average under-bark diameter of 33.7 mm, and were <3 m
in height. The saplings were tilted at approx. 25° from the vertical
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to produce pure CW and pure OW (Apiolaza et al. 2011a). The cross-
sections of these wood types were characterised anatomically by
Apiolaza et al. (2011b). At harvest, the stems were vertically split to
obtain CW and OW samples, which were dried at 35°C to constant
mass. CW was identified visually by wetting the wood samples, after
which CW has a darker appearance than OW. Six samples of each
wood type from different trees were chosen for pyrolysis. As a ref-
erence standard for (1—4)-B-D-galactans (galactan), lupin seed
galactan was pyrolysed; this galactan had been treated with o-L-
arabinofuranosidase to remove any attached arabinosyl residues
(catalogue reference P-GALLU; Megazyme International Ireland Ltd.,
Bray, Ireland).

Sample preparation for pyrolysis

1. Coarse samples were prepared by milling in a Wiley® mini-mill
(Thomas Scientific, Swedeshoro, NJ, USA) to pass a 40 mesh screen
(422 pm pore size). 2. Fine samples were prepared from ~50 mg of
each of the coarse samples, which were cooled for 15 min and milled
in liquid N, in a SPEX CertiPrep 6750 Freezer/Mill (Spex, Metuchen,
NJ, USA). Total milling time was 3 min (3 cycles of 1 min milling, with
2 min cooling intervals). 3. Calcium-treated samples were prepared by
washing ~25 mg of the fine samples in 0.1 M CaCl, (500 ul, 30 min),
followed by washing twice in double-distilled water (500 pl, 10 min).
All samples were dried in a vacuum oven (35°C) containing PO,
(18 h), and weighed (~65-85 ug) into a pyrolysis cup. Three replicate
portions of each sample were analysed.

Pyrolysis GC/MS at 500°C

Instrument: Py-2020iD micro-furnace pyrolyzer (Frontier Laborato-
ries Ltd., Fukushima, Japan); interface temperature: 360°C. GC/MS
instrument: Agilent 6890 GC with a FID detector and an Agilent
5973 mass selective detector (Agilent Technologies, Santa Clara,
CA, USA), 70 eV, scan-range: 15-600 m/z; ion source temp.: 230°C.
Split injection: 1:30; column: DB-1701 fused silica (60 mx0.25 mm;
0.25 um) from Agilent; carrier gas: He (1 ml min?); injection port
temp.: 250°C; temp. programme: 4 min at 45°C followed by ramping
at 3°C min" to 280°C and held for 20 min; temp. of GC/MS interface
and FID: 280°C. Samples were analysed in random order. Identi-
fication of the pyrolysis products was done at the Center of Wood
Science and Technology, University of Hamburg, Germany, based on
an in-house-library of mass spectra (Faix et al. 1990, 1991; Bremer
1991) and the NIST 02 library [National Institute of Standards and
Technology (2002)]. Lupin seed (1—4)-B-D-galactan was pyrolysed
in the same way.

Processing of chromatographic data

The total ion current (TIC) chromatograms were baseline corrected
with metAlign software, version 080311 (Lommen 2009). Peak inte-
gration: Wsearch32 Mass Spectrometry software, version 1.6.2005
(http://www.wsearch.com.au), with a minimum threshold for peak
area of 0.05%. The data are presented as relative percentage of the
normalised total peak area (=100%).
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Figure1 Baseline-corrected pyrolysis chromatograms of CaCl,-washed (a) CW and (b) OW. Peak numbers correspond to the products listed
in Table 1.
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Statistical analyses of the pyrograms

Data were analysed in the open-source software R (R Development
Core Team 2011). One way analysis of variance (ANOVA) tests were
used to test the significance (0=0.05) of differences in proportions of
each of the pyrolysis products between pre-treatments within wood
types and the significance of differences in proportions of each of the
pyrolysis products between samples within pre-treatments within
wood types. When a significant difference was found between the
categorical predictor variable, post hoc Tukey’s HSD tests were used
to determine which levels of that variable were significantly (0=0.05)

Figure 2 (a) 4-propenylguaiacol and (b) 4-propenylphenol derived
from G- and H-units of lignin, respectively, for demonstration of the
traditional nomenclature of lignin chemistry.
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Figure 3 Mass spectra of the pyrolysis products from a preparation of lupin seed (1—4)-B-D-galactan. (a) (1,6)-Anhydrogalactopyranose, (b)
(1,4)-anhydrogalactopyranose, and (c) (1,6)-anhydrogalactofuranose.
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Table 2 Differences in proportions of pyrolysis products among different pre-treatments of CW samples.

Peak® Identification® Origin© Coarse! Fine? Calcium¢
65 Phenol Ph 0.59a 0.87 ab 0.32b
66 Guaiacol [2-methoxyphenol] G 2.99a 2.73a 1.27 b
69 2-Methylphenol Ph 0.17 0.16 0.16
77 4-Methylphenol Ph 0.37 0.34 0.45
78 3-Methylphenol Ph 0.13 0.13 0.14
83 4-Methylguaiacol G 1.62a 1.43a 2.14b
86 3,4-Dimethylphenol Ph 0.13a 0.12a 0.21b
88 4-Ethylphenol H 0.07 0.03 0.07
89 3-Ethylguaiacol G 0.06 0.04 0.09
91 4-Ethylguaiacol G 0.37 0.31 0.33
99 (1,5)-Anhydroarabinofuranose Ps 0.29a 0.25a 0.44b

100 4-Ethenylguaiacol G 3.47 a 3.18b 2.18¢c
101 4-Ethenylphenol (t) H 0.47 0.47 0.35
102 4-(2-Propenyl)phenol H 0.10 0.09 0.11
104 Eugenol G 0.58 0.52 0.57
105 4-Propylguaiacol G 0.13a 0.11ab 0.11b
113 2-Methoxy-4-(1-propenyl)phenol [isoeugenol (cis)] G 0.62 a 0.57 ab 0.51b
116 4-Propenylphenol (trans) H 0.31 0.28 0.37
119 2-Methoxy-4-(1-propenyl)phenol [isoeugenol (trans)] G 2.28 2.10 2.07
122 Vanillin G 1.23a 1.14 a 1.54b
126 Homovanillin G 0.59a 0.55a 0.93b
127 4-Propylphenol H 0.23 a 0.18 ab 0.14b
130 Acetoguaiacone G 0.72a 0.65a 0.92b
131 (1,6)-Anhydrogalactopyranose Ps 0.00a 0.01a 0.16 b
134 4-Hydroxybenzaldehyde Ph 0.13 0.11 0.12
135 Guaiacylacetone G 0.50a 0.50a 0.26 b
138 Propioguaiacone G 0.11a 0.10 a 0.19b
145 (1,4)-Anhydrogalactopyranose (t) Ps 0.04a 0.05a 0.59b
146 (1,6)-Anhydroglucopyranose (levoglucosan) Ps 1.51a 1.26 a 8.01b
147 Dihydroconiferyl alcohol G 0.27 0.23 0.22
148 Coniferyl alcohol (cis) G 0.38a 0.33a 0.20b
150 Unknown anhydrosugar Ps 0.11a 0.10b 1.86 ¢
151 Coniferyl alcohol (trans) G 2.64a 1.93a 0.64 b
152 Coniferaldehyde G 1.95 2.00 1.97
153 Unknown L 0.14 0.11 0.12

2Peak refers to the peak number as displayed in the chromatogram figures.

5(t), Tentative assignment.

G, G-unit pyrolysis product; H, H-unit pyrolysis product; Ph, pyrolysis products of either H-units or polysaccharides that are phenolic
compounds with no methoxyl group and no, or a single carbon, sidechain; Ps, polysaccharide pyrolysis product; L, unknown lignin

pyrolysis product.

4Values are the mean proportion of the total integratable area (%) of six samples of each wood type. Significant differences between
treatments are denoted by lower case letters after the proportion of the product (tested by post-hoc Tukey’s HSD tests).

different from each other. For products common to both wood types
after CaCl, treatment, a Welch’s independent sample t-test was used
to determine if there was a significant (¢=0.05) difference in the pro-
portion of each of the products between wood types.

Results and discussion

Pyrolysis products from CW and OW

The retention times, mass spectra, and identification of
pyrolysis products in the time range of interest are listed

in Table 1. Typical pyrograms of CW and OW after baseline
correction are presented in Figure 1 and the peak numbers
correspond to those in Table 1. The basic structure of
typical softwood lignin-derived pyrolysis products are
depicted in Figure 2.

Phenolic pyrolysis products with a C- [65] or a C,-C,
skeleton without OMe are mainly from H-lignin (Bremer
1991), but the formation of phenols in small amounts from
polysaccharides cannot be excluded (Pouwels et al. 1989;
Ralph and Hatfield 1991; Rencoret et al. 2011). To reflect
this possibility, such products (e.g., phenol [65], methyl-
phenols [69, 77, 78] and 4-hydroxybenzaldehyde [134])
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Table 3 Differences in proportions of pyrolysis products among different pre-treatments of OW samples.

Peak® Identification® Origin® Coarse! Fine? Calcium?
65 Phenol Ph 0.17 a 0.23b 0.10 ¢
66 Guaiacol [2-methoxyphenol] G 2.41a 2.24a 0.99b
69 2-Methylphenol Ph 0.17 a 0.10b 0.12b
77 4-Methylphenol Ph 0.12a 0.11ab 0.09b
78 3-Methylphenol Ph 0.08 a 0.08 ab 0.06 b
83 4-Methylguaiacol G 1.27 a 1.09b 1.65¢
86 3,4-Dimethylphenol Ph 0.09 a 0.09 a 0.15b
89 3-Ethylguaiacol G 0.02a 0.01a 0.07 b
91 4-Ethylguaiacol G 0.34a 0.25b 0.26 b
99 (1,5)-Anhydroarabinofuranose Ps 0.47 a 0.39a 0.68b

100 4-Ethenylguaiacol G 3.58a 3.14b 1.88¢
101 4-Ethenylphenol (t) H 0.09 a 0.09 a 0.06 b
104 Eugenol G 0.54 a 0.46 b 0.50b
105 4-Propylguaiacol G 0.12a 0.10b 0.10b
113 2-Methoxy-4-(1-propenyl)phenol [isoeugenol (cis)] G 0.54a 0.48b 0.46 b
116 4-Propenylphenol (trans) H 0.01a 0.00 a 0.06 b
119 2-Methoxy-4-(1-propenyl)phenol [isoeugenol (trans)] G 2.18a 1.81a 1.93b
122 Vanillin G 0.99a 0.91a 1.22b
126 Homovanillin G 0.40 a 0.36a 0.55b
130 Acetoguaiacone G 0.60 a 0.51b 0.69 ¢
135 Guaiacylacetone G 0.47 a 0.44 a 0.22b
138 Propioguaiacone G 0.07 a 0.06 a 0.19b
145 (1,4)-Anhydrogalactopyranose (t) Ps 0.14 0.00 0.05
146 (1,6)-Anhydroglucopyranose (levoglucosan) Ps 1.41a 1.39a 9.56 b
147 Dihydroconiferyl alcohol G 0.40a 0.36 ab 0.32b
148 Coniferyl alcohol (cis) G 0.27 a 0.27 a 0.13b
150 Unknown anhydrosugar Ps 0.24a 0.12a 1.93b
151 Coniferyl alcohol (trans) G 191a 1.52b 0.33¢
152 Coniferaldehyde G 1.63 1.68 1.58

aPeak refers to the peak number as displayed in the chromatogram figures.

5(t), Tentative assignment.

G, G-unit pyrolysis product; H, H-unit pyrolysis product; Ph, pyrolysis products of either H-units or polysaccharides that are phenolic
compounds with no methoxyl group and no, or a single carbon, sidechain; Ps, polysaccharide pyrolysis product; L, unknown lignin

pyrolysis product.

dValues are the mean proportion of the total integratable area (%) of six samples of each wood type. Significant differences between
treatments are denoted by lower case letters after the proportion of the product (tested by post-hoc Tukey’s HSD tests).

have been identified as being derived from H-lignin or
polysaccharides (Table 1). Products of the type C-C, or
C,C, (e.g., 4-ethylphenol [88], 4-ethenylphenol [101],
4-(2-propenyl)-phenol [102], 4-propenylphenol [116] and
4-propylphenol [127], Table 1) are typical for lignin.
Typical pyrolysis products from polysaccharides
result from cleavage of the glycosidic bonds followed by
the formation of anhydrosugars from the monosaccha-
rides. Pyrolysis of OW and CW give rise to: (1,5)-anhy-
droarabinofuranose [99], (1,4)-anhydrogalactopyranose
[145] and (1,6)-anhydroglucopyranose (levoglucosan)
[146]. (1,6)-Anhydrogalactopyranose [131] was only
produced in detectable amounts in the pyrograms
of CW. Pyrolysis of lupin seed (1—4)-B-D-galactan
produced (1,6)-anhydrogalactopyranose, (1,6)-anhy-
drogalactofuranose, and a product that is probably

(1,4)-anhydrogalactopyranose (see mass spectra in
Figure 3). The preliminary identification of (1,4)-anhy-
drogalactopyranose is based on retention time data of
Budgell et al. (1987) obtained on the same GC column
and related to (1,6)-anhydrogalactopyranose and
(1,6)-anhydrogalactofuranose. MS data are not available
from the literature.

Influence of sample preparation

The effects of the three pre-treatments on pyrolysis are
compiled in Table 2 (CW) and Table 3 (OW). The total
amount of non-specific compounds (acetic acid and
furfurals) typically increased upon fine-milling of both
CW and OW (data not shown). Fine-milling of the CW
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Figure 4 Boxplots showing the proportions of the pyrolysis products (numbers refer to peak numbers) from samples of CaCl -treated CW
and samples of CaCl,-treated OW. Welch’s t-test indicated a significant difference of degradation product yields obtained from CW and OW
except for propioguaiacone [138]. For each wood type, there were three replicates of six samples.

phenol [102], (1,6)-anhydrogalactopyranose [131], and an
unknown lignin-derived product (Table 1, [153]). Other
products were present in small proportions in only one
portion of one OW sample (4-ethylphenol [88]), or in small
proportions in only one portion of two OW samples (4-pro-
pylphenol [127] and 4-hydroxybenzaldehyde [134]). Their
occurrence in OW could be experimental artefacts due to
contamination, or these products were below the limits of
detection in the other OW samples. The relative propor-
tions of the six CW markers in the current study were sig-
nificantly different among some of the compression wood
samples (Table 4), indicating that they might be useful in
distinguishing among samples with differing degrees of
compression wood severity.

Mast et al. (2009) and Nanayakkara (2007) examined
CW and OW of radiata pine by Py-GC/MS. The results of
the quoted authors also indicated that the relative propor-
tions of the six unique CW markers identified in our study
were greater in CW compared to OW, but that they were not
unique to CW. However, the peaks in the chromatograms

were not well resolved from each other, and other pyroly-
sis products may have contributed to those peaks. Alves
et al. (2009) successfully distinguished CW from NW
samples by principal component analysis of pyrolysis
products derived from H-units and G-units of lignin.

Quantification of Py products in CW and OW

The range of proportions of the pyrolysis products from CW
and OW samples are shown in a boxplot in Figure 4. The
yields of pyrolysis products common to both wood types
were nearly all significantly different between CW and OW
(Table5). The G-unit-derived product propioguaiacone [138]
was the only exception (P=0.43). The proportions of lignin-
derived compounds were typically greater in CW than OW,
consistent with the concept that CW of radiata pine con-
tains more lignin (Nanayakkara et al. 2009; Brennan et al.
2012). Dihydroconiferyl alcohol [147] was an exception
with its higher intensity in pyrograms of OW compared
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Table 5 Differences in the proportions of pyrolysis products between CW and OW that are common to both wood types.

Peak® Identification® Origin® CW (SD) OW (SD) AXH P-value®
65 Phenol Ph 0.32(0.07) 0.10(0.01) 0.23 <0.0001
66 Guaiacol [2-methoxyphenol] G 1.27(0.12) 0.99 (0.04) 0.27 <0.0001
69 2-Methylphenol Ph 0.16 (0.01) 0.12(0.01) 0.03 <0.0001
77 4-Methylphenol Ph 0.45 (0.10) 0.09 (0.01) 0.36 <0.0001
78 3-Methylphenol Ph 0.14(0.02) 0.06 (0.01) 0.07 <0.0001
83 4-Methylguaiacol G 2.14(0.11) 1.65 (0.09) 0.49 <0.0001
86 3,4-Dimethylphenol Ph 0.21 (0.02) 0.15(0.01) 0.06 <0.0001
89 3-Ethylguaiacol G 0.09 (0.01) 0.07 (0.01) 0.02 0.0009
91 4-Ethylguaiacol G 0.33(0.02) 0.26 (0.02) 0.07 <0.0001
99 (1,5)-Anhydroarabinofuranose Ps 0.44 (0.10) 0.68 (0.10) 0.24 <0.0001

100 4-Ethenylguaiacol G 2.18(0.12) 1.88(0.07) 0.31 <0.0001
101 4-Ethenylphenol () H 0.35(0.08) 0.06 (0.02) 0.30 <0.0001
104 Eugenol G 0.57 (0.02) 0.5(0.02) 0.07 <0.0001
105 4-Propylguaiacol G 0.11 (0.01) 0.1(0.01) 0.01 0.0007
113 Isoeugenol (cis) [2-Methoxy-4-(1-propenyl)-phenol] G 0.51 (0.01) 0.46 (0.03) 0.06 <0.0001
116 4-Propenylphenol (trans) H 0.37(0.08) 0.06 (0.03) 0.31 <0.0001
119 Isoeugenol (trans) [2-Methoxy-4-(1-propenyl)-phenol] G 2.07 (0.05) 1.93(0.13) 0.14 0.0049
122 Vanillin G 1.54(0.07) 1.22(0.05) 0.32 <0.0001
126 Homovanillin G 0.93(0.13) 0.55 (0.05) 0.38 <0.0001
130 Acetoguaiacone G 0.92(0.05) 0.69 (0.03) 0.23 <0.0001
135 Guaiacylacetone G 0.26 (0.02) 0.22(0.01) 0.04 <0.0001
138 Propioguaiacone G 0.19(0.01) 0.19(0.01) 0.01 0.4277
145 (1,4)-Anhydrogalactopyranose (t) Ps 0.59(0.13) 0.05 (0.03) 0.54 <0.0001
146 (1,6)-Anhydroglucopyranose (levoglucosan) Ps 8.01 (0.96) 9.56 (0.64) 1.55 <0.0001
147 Dihydroconiferyl alcohol G 0.22(0.07) 0.32(0.05) 0.09 <0.0001
148 Coniferyl alcohol (cis) G 0.20(0.02) 0.13(0.01) 0.07 <0.0001
150 Unknown anhydrosugar Ps 1.86 (0.08) 1.93 (0.06) 0.08 0.0308
151 Coniferyl alcohol (trans) G 0.64 (0.13) 0.33(0.04) 0.31 <0.0001
152 Coniferaldehyde G 1.97 (0.09) 1.58 (0.08) 0.38 <0.0001

Values are the mean proportion of the total integratable area (%) of six samples of each wood type, standard deviation (SD) is given in

parentheses.

3Peak refers to the peak number as displayed in the chromatogram figures.

5(t), Tentative assignment.

G, G-unit pyrolysis product; H, H-unit pyrolysis product; Ph, pyrolysis products of either H-units or polysaccharides that are phenolic
compounds with no methoxyl group and no, or a single carbon, sidechain; Ps, polysaccharide pyrolysis product.

AX, Sample mean difference between CW and OW.

The P-value for Welch’s independent sample t-test to determine significant differences between wood types (¢:=0.05) is given.

with that of CW (mean difference=0.09, P<0.0001), which
was unusual for a lignin-derived product.

The proportions of (1,5)-anhydroarabinofuranose
[99] (P<0.0001), (1,4)-anhydrogalactopyranose [145]
(P<0.0001) and (1,6)-anhydroglucopyranose (levoglu-
cosan) [146] (P<0.0001) were different between CW and
OW. As the pyrolysis of arabinose is efficient relative to
the other cell-wall monosaccharides (Ponder et al. 1990;
Ralph and Hatfield 1991), it is not surprising that differ-
ences in the yields of (1,5)-anhydroarabinofuranose [99]
between CW and OW were measureable, despite the fact
that arabinosyl residues occur in small amounts in similar
wood samples (Brennan et al. 2012). The proportion of
(1,4)-anhydrogalactopyranose [145] was greater in CW
than that of (1,6)-anhydrogalactopyranose [131] (Table

2), although a previous study on pyrolysis of radiata pine
CW reported only the production of (1,6)-anhydrogalacto-
pyranose (Mast et al. 2009). Pyrolysis of apple and citrus
pectins, having high proportions of (1—4)-B-D-galactan
sidechains in rhamnogalacturonan I (RG I) (Renard
et al. 1995), yield (1,4)-anhydrogalactopyranose, but not
(1,6)-anhydrogalactopyranose and (1,6)-anhydrogalacto-
furanose (Moldoveanu 1998).

Galactose is also a component of other polysaccharides
in the cell walls of wood (Harris 2005). However, it is likely
that the increased proportions of (1,4)-anhydrogalacto-
pyranose [145] and (1,6)-anhydrogalactopyranose [131] in
CW compared with OW are due to increased proportions of
(1—4)-B-D-galactans, as radiata pine CW contains a larger
proportion of galactosyl residues in (1—4)-p-D-galactans
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Table 6 Differences among samples of CW and among samples of OW.
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cw ow
Peak® Identification® Origin© F-value  P-value Differences F-value P-value Differences
65 Phenol Ph 10.9 0.0003 1.26 0.3399 NA
66 Guaiacol [2-methoxyphenol] G 3.33 0.0403 1 1.40 0.2903 NA
69 2-Methylphenol Ph 0.73 0.6090 NA 2.57 0.0836 NA
77 4-Methylphenol Ph 52.6 <0.0001 12 4.76 0.0125 2
78 3-Methylphenol Ph 4.76 0.0124 2 1.29 0.3286 NA
83 4-Methylguaiacol G 10.0 0.0005 5 4.21 0.0192 1
86 3,4-Dimethylphenol Ph 2.45 0.0943 NA 0.65 0.6657 NA
89 3-Ethylguaiacol G 2.23 0.1180 NA 1.56 0.2416 NA
91 4-Ethylguaiacol G 2.37 0.1019 NA 2.67 0.0758 NA
99 (1,5)-Anhydroarabinofuranose Ps 17.9 <0.0001 5 4.49 0.0153 3
100 4-Ethenylguaiacol G 3.17 0.0471 0 1.61 0.2288 NA
101 4-Ethenylphenol (t) H 16.4 <0.0001 8 1.96 0.1571 NA
104 Eugenol G 0.95 0.4826 NA 2.00 0.1501 NA
105 4-Propylguaiacol G 2.20 0.1215 NA 5.48 0.0074 3
113 Isoeugenol (cis) [2-Methoxy-4-(1-propenyl)-phenol] G 1.27 0.3364 NA 2.52 0.0872 NA
116 4-Propenylphenol (trans) H 19.1 <0.0001 8 1.88 0.1705 NA
119 Isoeugenol (trans) [2-Methoxy-4-(1-propenyl)-phenol] G 0.92 0.5005 NA 2.72 0.0719 NA
122 Vanillin G 17.0 <0.0001 9 2.04 0.1443 NA
126 Homovanillin G 10.0 0.0005 5 3.06 0.0518 NA
130 Acetoguaiacone G 8.42 0.0012 1.76 0.1940 NA
135 Guaiacylacetone G 3.45 0.0363 1 0.48 0.7811 NA
138 Propioguaiacone G 1.85 0.1763 NA 0.46 0.7975 NA
145 (1,4)-Anhydrogalactopyranose (t) Ps 6.52 0.0037 4 1.45 0.2744 NA
146 (1,6)-Anhydroglucopyranose (levoglucosan) Ps 6.03 0.0051 3 3.90 0.0248
147 Dihydroconiferyl alcohol G 44.4  <0.0001 9 8.98 0.0009
148 Coniferylalcohol (cis) G 1.00 0.4561 NA 0.77 0.5835 NA
150 Unknown anhydrosugar Ps 1.58 0.2380 NA 1.08 0.4155 NA
151 Coniferyl alcohol (trans) G 0.83 0.5472 NA 0.37 0.8585 NA
152 Coniferaldehyde G 5.60 0.0068 3 3.31 0.0413 1

The F-value and P-value are given for one-way ANOVA for the effect of sample on the proportion of each product within each wood
type. Degrees of freedom are the following: sample=5, residuals=12. Differences indicate the number of Tukey’s HSD pairwise sample
comparisons that were significantly different from each other (out of a possible 15) for that wood type. NA, there were no significant

differences among samples in that wood type.

3Peak refers to the peak number as displayed in the chromatogram figures.

b(t), Tentative assignment.

‘G, G-unit pyrolysis product; H, H-unit pyrolysis product; Ph, pyrolysis products of either H-units or polysaccharides that are phenolic
compounds with no methoxyl group and no, or a single carbon, sidechain; Ps, polysaccharide pyrolysis product.

than in galactoglucomannans, as determined by two-
dimensional “C-H nuclear magnetic resonance correla-
tion spectroscopy (Brennan et al. 2012), and primary walls
make up only a small proportion of the wood mass.

ANOVA of CW and OW pyrolysis

Results of Tukey’s HSD tests to determine differences
among samples of each wood type are given in Table 6.
Among CW samples, the product 4-methylphenol [77] was
present in significantly different proportions in 12 out of
a possible 15 pairwise sample comparisons, making this
product a likely indicator of CWs with different severities.

Among samples of OW, fewer products were present in sig-
nificantly different proportions. Dihydroconiferyl alcohol
[147] showed the greatest number of differences among
samples of OW, at five out of a possible 15 pairwise com-
parisons. CW samples typically had a greater range in pro-
portions of pyrolysis products than OW samples (Figure 4).

Detection of lignin H-units in OW

The H-unit type degradation products, 4-ethenylphenol
[101] and 4-propenylphenol [116], were detected in low
yield in the OW pyrograms. The amount of H-units is
small in the “normal” lignin of both straight-grown trees
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and OW (Terashima and Fukushima 1988; Yeh et al. 2005,
2006; Tokareva et al. 2007; Nanayakkara et al. 2009). The
compound middle lamella (CML, primary wall plus middle
lamella) of black spruce (Picea mariana) NW was found to
have a lower OMe content than the secondary wall frac-
tion (Whiting and Goring 1982), which was interpreted as
indicating the presence of H-units. However, Westermark
(1985) suggested that the result could have been due to
the presence of small amounts of CW. The presence of a
small amount of CW also cannot be exluded in the present
paper, although the samples were carefully checked
before analysis. The H-units in OW pyrograms could also
be from pyrolysis of p-coumaric acid esters, which are
present in small proportions in primary walls of radiata
pine (Sanchez et al. 1996; Carnachan and Harris 2000).

Conclusions

A number of pyrolysis degradation products from fine-
milled and CaCl-treated wood may be useful to detect
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