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ABSTRACT

There is a growing need to find a rapid, inexpensive, and reliable method to distinguish between treated
and untreated waste wood. This paper evaluates the ability of near infrared (NIR) spectroscopy with mul-
tivariate analysis (MVA) to distinguish preservative types and retentions. It is demonstrated that principal
component analysis (PCA) can differentiate lumber treated with CCA, ACZA, or ACQ preservatives. Fur-
thermore, separation according to wood species and assay zone was also observed. Within the range of pre-
servative concentrations available, partial least squares (PLS) regression was also performed on the NIR
data, from which retention levels were predicted. The results highlight the potential for this technique to
predict the concentration, as well as identify the type, of inorganic preservatives present.
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INTRODUCTION

The use of preservative-treated wood for the
construction of decks, fences, and other residen-
tial applications has greatly increased during the
last two decades. The primary preservative for
residential applications has been chromated cop-
per arsenate (CCA), but other preservatives such
as ammoniacal copper zinc arsenate (ACZA), al-
kaline copper quat (ACQ), and copper boron
azole (CBA) have also been used. In February
2002, the EPA announced a decision by wood
preservative manufacturers to voluntarily phase
out the use of CCA for virtually all residential ap-
plications by the end of 2003 (EPA 2002). This
has led to the copper: organic mixtures such as
ACQ and CBA becoming the favored replace-
ments in residential applications. When treated
wood is removed from service, it is often mixed
with construction and demolition (C&D) waste
that also contains untreated wood. Once it has
weathered or been painted, it is difficult for the
homeowner, contractor, or local solid waste facil-
ity to visually differentiate the treated from the
untreated wood. This causes problems in the
waste stream, because wood that contains preser-
vatives often cannot be processed in the same
manner as untreated wood. The obvious example
is the disposal of CCA-treated wood with strict
guidelines to minimize the presence of arsenic in
the waste stream.

The need for sorting technologies to distin-
guish between CCA- and non-CCA-treated
waste wood has only become greater after the re-
cent CCA announcement. Blassino undertook a
large feasibility study in Florida into on-line
sorting technology for CCA-treated wood
(Blassino et al. 2002). Detectors based on laser-
induced breakdown spectroscopy (LIBS) and X-
ray fluorescence (XRF) spectroscopy were able
to quickly and accurately differentiate CCA-
treated wood from untreated wood in the C&D
wood waste stream. This has led to the proposed
installation of such a system at a C&D recycling
facility for full-scale testing. However, these
methods have limited potential for detecting or-
ganic wood preservatives. Rapid detection meth-
ods for organic preservatives have also been
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studied. One such study (Schroder et al. 1998)
involved the use of ion mobility spectrometry
(IMS) in which a battery-powered IMS device
coupled with a thermal desorption chamber ana-
lyzed small pieces of treated wood. The tech-
nique was cheaper and faster than portable gas
chromatography (GC) systems equipped with
thermal desorption injection devices. However,
all the aforementioned techniques are destruc-
tive.

A method is needed for the rapid, inexpensive,
and reliable identification of wood that has been
treated with inorganic and/or organic preserva-
tives. One possible method is near infrared (NIR)
spectroscopy with multivariate analysis (MVA).
This has the potential for detecting and distin-
guishing wood treated with both organic and in-
organic preservatives, and can be installed
on-line at a waste wood sorting facility or used in
the field with a hand-held spectrometer. This is
becoming a popular technique for the study of the
properties of wood and its fibers ranging from in-
vestigating clearwood properties (Hoffmeyer and
Pedersen 1995; Thumm and Meder 2001; Schim-
leck et al. 2001) to wood composites such as
medium density fiberboard (Rials et al. 2002)
and on-line particleboard manufacture (Engstrom
et al. 1998). It is already established in the pulp
and paper field and used to predict pulp yield and
cellulose content (Wright et al. 1990; Wallbacks
et al. 1991a; Michell 1995). Principal component
analysis (PCA) of NIR spectra has been success-
fully applied to the study of pulp characteristics
and processes (Wallbacks et al. 1991b) as well as
the classification of wvarious wood species
(Schimleck et al. 1996). In the latter study, PCA
was used to discriminate between pines and euca-
lypts, and different classes of eucalypts, based on
the NIR spectra of the ground woods. Although
there has been much research into the classifica-
tion and prediction of chemical properties, little
has been published with regards to wood preserv-
atives. One paper (Feldhoff et al. 1998) used NIR
for the detection of inorganic preservatives in
timber. However, no multivariate analytical
methods were applied, and preservative identifi-
cation was based purely on differences in absorp-
tion from certain peaks in the spectra.
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MATERIALS AND METHODS

Several commercially treated deck boards of
the Hemlock-Fir (Hem-Fir) species group; East-
ern Hemlock (Tsuga canadensis), and Douglas-
fir (Pseudotsuga menziesii) were obtained for
this study with the following preservative/wood
species combinations: CCA/Hem-Fir (CCAHF);
CCA/Eastern Hemlock (CCAEH); ACZA/
Douglas-fir (ACZA) and ACQ/Hem-Fir (ACQ).
Although southern pine is the species group
most often treated with preservatives, we chose
to utilize species that are more difficult to treat
with the assumption that they would provide a
greater range of preservative concentrations
within the wood. The CCA treatment solution
was Type C, which is composed of 47.5% CrO,,
34.0% As,0Os, and 18.5% CuO. The ACZA treat-
ment solution contained 50.0% CuO, 25% ZnO,
and 25.0% As,O5. The ACQ was a Type B
formulation containing 66% CuO and 33% qua-
ternary ammonium compound (didecyldimethyl-
ammonium chloride). CCA treatment solutions
are acidic, while ACQ and ACZA solutions are
alkaline. The ACQ and ACZA solutions also
contained ammonia and ammonium bicarbonate.
The deck boards were not exposed to weather-
ing. Each treated deck board was cut into shorter
boards of approximately 4- X 14- X 12.5-mm
dimensions, which were allowed to equilibrate
to constant moisture content in a room main-
tained at 22°C and 65% relative humidity. Sec-
tions of wood were then removed from the outer
(0—5-mm) and inner (5—15-mm) assay zones
and milled to pass through a Wiley mill 30-mesh
screen. The number of samples in each set is
shown in Table 1. All samples were analyzed for

TABLE 1. Summary description of sample sets.

Sample Set No. of Samples  Constituents and Wood Species

All 165 CCAHF, ACQ, ACZA,
CCAEH

CCA 85 CCAHF, CCAEH

Hem-Fir 80 CCAHF, ACQ

CCA Hem-Fir 40 CCAHF

ACQ Hem-Fir 40 ACQ

ACZA Doug Fir 40 ACZA

CCA East Hemlock 45 CCAEH

331

copper, chromium, zinc, and arsenic using a
standard laboratory method of digestion fol-
lowed by atomic absorption spectroscopy analy-
sis of the resulting liquid (AWPA 1995).

Near infrared spectroscopy.—The NIR mea-
surements were made using a Nexus model 670
FTIR spectrometer (Thermo Nicolet Instru-
ments, Madison, WI) at 1-nm intervals between
1000—-2500 nm. The NIR spectra were collected
by embedding a fiber optic probe into a bag of
the milled sample. Forty scans were collected
and averaged into a single spectrum. Two spectra
were recorded for each sample at different loca-
tions within the mixture.

Multivariate analysis.—Multivariate analysis
of the data was performed using the Unscram-
bler (vsn. 7.5) software, CAMO, Corvallis, OR.
The NIR data were first averaged to one spec-
trum per sample and reduced to 10-nm wave-
length spacing. Multiplicative scatter correction
(MSC) was applied to the data prior to analysis.
Principal component analysis (PCA) was used to
observe any clustering and/or separation in the
sample sets. For partial least squares (PLS)
analysis, two thirds of each sample set was used
for calibration to create the model and the rest
used to validate the model. The number of prin-
cipal components (factors) used for the models
was selected by observing the response of the
residual Y-variance to added factors as described
earlier (Rials et al. 2002). Models were gener-

0.6

CCA East Hemlock
................ CCA Hem-Fir
—— ACQ Hem-Fir
______ ACZA Doug Fir

0.5 4

Absorbance

0.2

0.1 T T T T T T
1000 1200 1400 1600 1800 2000 2200 2400

Wavelength (nm)

Fig. 1. Comparison of near infrared spectra collected
from treated samples; MSC-corrected spectra appear in gray.
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ated using full cross validation, in which one
sample is systematically removed from the data
set, a model is created from the remaining sam-
ples, and this model is used to predict a value for
the extracted sample. This process is subse-
quently repeated for all remaining samples
(Martens and Naes 1991). A summary descrip-
tion of the PLS technique can be found in an ear-
lier paper (Rials et al. 2002) while a complete
description of MVA can be found elsewhere
(Martens and Naes 1991; Massart et al. 1998).

RESULTS AND DISCUSSION

The samples exhibited a range of colors both
between and within sample sets, relating to their
preservative type, wood species, and preserva-
tive concentration. However, the wavelength
range for the NIR spectra collection was
1000—-2400 nm to avoid the low wavelength vis-
ible region, thus minimizing masking of infor-
mation within the NIR region. Two NIR spectra
were collected for each sample in the NIR re-
gion, Figure 1 shows a typical spectrum from
each of the sample sets. The spectra appear to be
very similar except at lower wavelengths (closer
to the visible region). A few major peaks to note
include the first overtone of the cellulose hy-
droxyls (1400-1660 nm) overlapping with the
first overtone of the lignin hydroxyl vibrations
(1400-1520 nm), and the peak range between
1890-2020 nm assigned to the interactions with
cellulose hydroxyls and water. A detailed assign-
ment of the various vibrations can be found in
the literature (Martens and Naes 1991; Fourty et
al. 1996; Curran et al. 1992).

Multiplicative scatter correction (MSC) was
applied to the spectra, and these corresponding
spectra are shown in gray. MSC has been previ-
ously used to remove the effects of light scatter-
ing variation in the NIR spectra of milled Scots
pine needles (Hiukka 1998). The report indi-
cated that the MSC-corrected models generally
gave better results, and required fewer principal
components, than the non-scatter-corrected
models. The MSC-corrected spectra reduce the
scatter by removing the additive and multipli-
cative effects (Martens and Naes 1991); this
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is particularly evident in the region above
1900 nm.

Differences between the spectra in Fig. 1 can-
not be readily quantified; however, the applica-
tion of multivariate analysis to the spectral data
allows hidden relationships and/or differences to
be revealed. Principal component analysis (PCA)
was performed on the combinations of sample
sets shown in Table 1. Figure 2a shows the scores
plot resulting from the complete sample set. Al-
though there is some overlap, clusters are clearly
evident, showing that the three preservative treat-
ments were readily identifiable. The spectra were
then broken down into a CCA sample set (East
Hemlock and Hem-Fir species) and a Hem-Fir
sample set (CCA- and ACQ-treatments) to en-
hance the differences observed in Fig. 2a. The
scores plot for the CCA samples showed separa-
tion between the CCA Eastern Hemlock and
CCA Hem-Fir samples, which was obscured in
Fig. 2a. This shows that PCA can still distinguish
between these species even when the same pre-
servative treatments have been applied to them.
In the case of the Hem-Fir samples, the magni-
tude of the separation between the ACQ and
CCA treatments was much larger than that ob-
served with the two CCA sample sets, indicating
that the type of treatment has a greater influence
than the species in the sample separation. The
same PCA scores plot is shown in Fig. 2b when
no multiplicative scatter correction (MSC) has
been applied. Although clusters can be observed,
there is clear overlap between the sample sets.

Further analyses were performed on the four
individual sample sets with MSC. Clustering
was again evident, but this time, based on assay
zone location. Figure 3 is a PCA scores map for
CCA Eastern Hemlock, in which the samples
separated according to assay zone location; core,
inner, and outer assay zone. This trend was also
noted in the other sample sets. The inner and
outer assay zones differ in terms of their treat-
ment level; the inner assay zones generally have
lower levels of preservative due to the depth of
penetration. This was observed in the atomic ab-
sorption spectroscopy results, in which there was
a range of high retentions associated with the
outer assay zone and a range of lower ones with
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F1G. 2. Principal component analysis from NIR spectra
collected for All sample set (a) MSC and (b) non-MSC.

the inner assay zone. A summary of retention
values from the atomic absorption spectroscopy
is shown in Table 2 for selected sample sets and
has not been further disseminated into assay
zones; thus a large range of values and the high
standard deviations were obtained.

Partial least squares (PLS) regression was un-
dertaken to predict the values of preservative re-
tention for the samples. Table 2 shows the
summary statistics of the atomic absorption re-
sults for a few sample sets used in the analysis.
PLS-2 regression was carried out on the CCA
samples to predict the retentions of chromium,
copper, and arsenic, active oxide bases, while
PLS-1 was applied to the samples in which there
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TABLE 2. Various preservative retention statistics for se-
lected sample sets.

Retention Value (pcf?®)

All CCA-C CCA-C CCA-C
Retention Statistic (Cu0O) (CuO) (CrO,) (As,05)
Mean 0.244 0.060 0.141 0.113
Median 0.123 0.057 0.120 0.085
Mode 0.016 0.016 0.039 0.057
Minimum 0.003 0.003 0.003 0.006
Maximum 1.088 0.183 0.405 0.336
Standard Deviation 0.232 0.045 0.123 0.096

apounds per cubic foot

was only one retention type present. The results
of the PLS-1 regression on the All sample set are
shown in Fig. 4, showing a good relationship be-
tween experimentally determined CuO reten-
tions and that predicted by NIR, with the
equivalence line representing the idealized rela-
tionship. The correlation coefficient (r2) was
very high at 0.98 using only five principal com-
ponents (Table 3). A PLS-2 regression on the
CCA samples produced similarly high correla-
tions, with Figs. Sa—c showing the predictions
for CuO, CrO,, and As,Os retentions, respec-
tively. The high 12 values for the CCA regression
were obtained using only 2 factors (Table 3). The
non-MSC regression values in Table 3 are gener-
ally poorer than their MSC equivalents or re-
quire more factors. This is particularly evident

0.05
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RY ¥
a * 0
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o 0 *
< & T IR
K=y o ©¢ o Lo *
e <&
£ *
LS o
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FiG. 3. Principal component analysis from NIR spectra

collected for CCA East Hemlock sample set.
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for the All sample set in which the %RMSEP of
the mean increases twofold from 15.6 to 33.2%.
A plot of the coefficients for the CCA regres-
sion is shown in Fig. 6. An interesting observa-
tion in the plot is that the peaks for the As,0, and
CrO, plots around 1950 nm correspond to a dou-
blet trough for the CuO retention; this wave-
length range (1890-2020 nm) arises from the
cellulose hydroxyl-water interactions. PLS re-
gression on the spectra has shown that the chem-
ical features in the NIR spectra are important in
the prediction of preservative content and may
be related to the preservative treatment process.

TABLE 3. Summary regression statistics for predictions of
preservative retentions from PLS modeling both with and
without MSC.

Regression Parameters

MSC/ Retention No. of % RMSEP
Sample Set  Non-MSC Type PCs 2 RMSEP  of mean
All? MSC CuO 5 098 0.038 15.6
CCAP CuO 2 097 0.010 16.7
CCAP CrO, 2 093 0.029 20.6
CCAP As,O4 2 086 0.027 239
All2 Non-MSC CuO 5 090 0.081 332
CCAP CuO 3094 0014 233
CCAP CrO, 3 093 0.034 241
CCAP As,O5 3 087 0030 265

“PLS-1 algorithm
PPLS-2 algorithm
RMSEP — Root Mean Square Error of Prediction
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by PLS-2 modeling using NIR spectra for CCA samples.

CONCLUSIONS

The results of this evaluation clearly show that
near infrared (NIR) spectroscopy, in conjunction
with multivariate analysis, has great potential for
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F1G. 6. Comparison of regression coefficients from PLS
models for CuO, CrO,, and As,Oj, retentions.

identifying various inorganic preservative treat-
ments applied to several species of wood. The
results from the PLS regression provide very
good correlations between the measured and
NIR-predicted values such that the levels of ar-
senic, chromium, and copper may be estimated
from an NIR scan of the sample. Early work
with solvent-based organic preservatives has
been equally promising, and work is continuing
to evaluate the applicability of the technique to
solid wood. NIR spectroscopy can be used in
both field-portable and on-line applications, and
appears to have potential for use in sorting and
recycling of treated wood.
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