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ABSTRACT The primary (wet-lab) analysis of wood is a lengthy process. We
compared near infrared (NIR) and Fourier transform infrared (FTIR)
spectrometry as secondary (indirect) analytical methods. A number of pine
and sweeigum samples were delignified to varying degrees and were
analyzed using traditional methods. These samples were divided into two sefs.

The first set was used to calibrate each instrument for the lignin,

hemicellulose, and cellulose composition, and the second set used to verify or
confirm the calibration equation, NIR bad a faster and simpler sample
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preparation and faster scan time. It generally gave a calibration equation
with a lower ervor value than FTIR FTIR generally gave a smaller increase in
the error going from calibratior: to confirmation. Both NIR and FTIR
performed best in analyzing the lignin component of the bardwood and
softwood samples. The calibration equations required no more than four
spectra points for either FTIR or NIR. The use of fiber optics interfaced with
NIR may make possible an on-line monitoring system for lignocellulosic

products.

Wood is a complex material composed
mainly of three polymers with rela-
tively small amounts of other organic
and inorganic materials, As with
many polymeric composites, the
primary (wet-lab) quantitative analy-
sis of wood is a difficult and lengthy
procedure.

Recent work with near-infrared
(NIR) and Fourier transform in-
frared (FTIR) spectrometry has
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shown that these instruments are
capable of the rapid secondary (indi-
rect) analysis of various solid and
liquid products (1, 2). Briefly, secon-
dary analysis consists of obtaining a
set of samples, analyzing this set using
traditional direct methods, and then
dividing this set into two subsets
where one subset is used to calibrate
the NIR or FTIR and the second
subset is used to confirm or verify the
calibration equation. Similar samples
can then be indirectly analyzed using
the calibrated and verified technique.
Benefits of indirect analysis include
minimal sample preparation, the use

of nonskilled labor, and rapid sample
analysis. Also, the technique may be
applicable for remote, on-line analysis
via NIR optical fibers (2). Fiber optics
may be available in the future for
FTIR (3).

An assumption made is that all
samples analyzed by this secondary
technique belong to the same universe
defined by the training set (2). A
problem that often occurs is that the
operator does not identify or recognize
samples whose composition, process-
ing history, or materials lie outside the
training set universe. Anyone using
indirect analytical techniques should
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frequently check the calibration, use
reproducible conditions, have a
healthy amount of suspicion, and
remember to think (4).

Another consideration is that the
total error of the secondary technique
will be the direct (wet-lab) error plus
the additional error of the secondary
instrument and procedure. Thus, the
error of the secondary method will
always be greater than that of the
direct procedure used to calibrate the
indirect method. In addition, any
consistent error in the direct analyt-
ical technique will carry over into the
indirect method.

NIR has been found to be an effec-
tive method for quantitative analysis
and is now widely used in the agri-
cultural field for analyzing grains and
grasses or forages (5-7). The compo-
nents analyzed have included lignin
present in the 2-6% range. A compre-
hensive monograph has been recently
published on the use of NIR for
quality control measurements in
agriculture (8),

Only recently has FTIR been used
to quantify wood and the components
of wood (9-15). Diffuse reflectance
(DRIFT), transmission and photo-
acoustic techniques have been used.
One of the problems with analyzing
wood by FTIR is that the peaks are
rather broad and overlapping, While
derivative and deconvolution proce-
dures are available to enhance the
spectral resolution (16-18), these
techniques tend to increase the noise
and may give meaningless peaks.

Experimental procedure

Fresh sweetgum (Liquidambar styra-
ciftue L.) and loblolly pine (Pinus
taeda L.) logs were chipped, air-dried,
ground in a Wiley mill, and extracted
using ethanol;benzene (1:1). Samples
of each wood were delignified to
various levels using sodium chlorite at
a reduced temperature (55°C). About
30 delignified samples of each wood
were obtained. These samples were
analyzed in duplicate for total lignin
(Klason plus soluble lignin). They
were analyzed for sugars by gas
chromatography, with the glucose
content verified by a glucose analyzer
using procedures described earlier
(19). The hemicellulose and cellulose
contents were estimated from the
sugar analysis, with the glucose
{cellulose) content of the pine samples
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I. Primary analytical error and ranga for all samples

Pine Swestgumn®
Pooled Pooled
Component Range, % std., dev. Range, % std. dev.
Lignin =31 0.85 10-30 0.69
Hemiceflulose: "0-26 125 12-20 0.74
Cellulose 39-53 1.28 41-50 1.01

The conlrol sweelgum sample had unusually high lignin and low hemlcellulose values.

corrected for the mannose content.

The control sweetgum sample had
an unusually high lignin and low
hemicellulose composition, This may
have been due to juvenile wood since
the sweetgum wood was taken from
a tree of relatively small diameter (4
in). Also, the lignin content of the
samples treated for the longest time
(4.5 h) was not as low as desired, as
a result of the reduced temperature
used for the chlorite procedure (55°C
vs. the 70-80°C normally used). The
estimated error of the wet-lab analysis
was obtained using the duplicate
analysis values and is reported as the
pooled standard deviation. The aver-
aged analysis of each sample was used
for calibration and confirmation of the
NIR and FTIR; thus, the wet-lab
error should not be directly compared
to the indirect error.

FTIR spectra were obtained using
the KBr pellet method as described
earlier (18), with 300 scans per sample
collected. The first derivative spectra
were then generated and smoothed.
The derivative spectra were used to
avoid problems caused by a sloping
baseline and to accentuate small
spectral differences. The absolute
value of the first derivative peak was
determined in the 1600-900 cm™
region, giving a total of 19 points for
the sweetgum and 16 for the pine
samples, An allowance of £10 em™
was used to allow for slight frequency
shifts often observed with polar sam-
ples. Once the peak maximum or
minimum was located, the absorban-
ces of that point and the two adjacent
points were averaged together in

order to minimize noise.

Quantitative interpretation of the
spectra was based on each of the 19
(sweetgum) or 16 (pine) absorbance
values being a possible “internal”
standard. Thus, a total of 18 or 15
different normalized data sets were
generated. The total set of about 30
samples per wood species was then
divided into 25 calibration and §
confirmation samples. Each calibra-
tion data set was separately regressed
against the averaged lignin, hemicel-
lulose, and cellulose content using
Minitab stepwise regression. To en-
sure that only those peaks which were
significant were used, the Minitab
procedure removed any nonsignifi-
cant absorbance values. Each calibra-
tion curve was verified using the &
remaining confirmation samples.

The samples were also analyzed
using a Technicon NIR with the air-
dried, ground samples directly ana-
lyzed using no sample preparation
other than being placed in a sample
cup. The total samples were equally
divided into the calibration and con-
firmation subsets, and each sample
was run twice. Thus, the total number
of NIR samples run was essentially
twice that of the FTIR samples.
Samples were scanned in the 1100~
2500 nm (4000-9000 cm™) region, and
the files were saved in 4-nm incre-
ments. One pine sample that gave a
highly reflective spectra was elimi-
nated.

The standard error of calibration
(SEC) was calculated using the differ-
ence between the averaged wet-lab
analysis and the value generated by



1. NIR callbration of pine lignin
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the best fit of the NIR or FTIR data.
The standard error of prediction
(SEP) was calculated using the differ-
ence between the confirmation and
wet-lab values. Both SEC and SEP
are essentially the square root of the
mean square error. Direct compari-
son of the SEC and SEP should be
done carefully, since different sam-
ples were used for calibration and
confirmation of the FTIR and NIR
methods and because each NIR sam-
ple was run twice.

Results and discussion

The primary (wet-lab) analyses are
shown in Table I. As mentioned, each
sample was analyzed in duplicate, but
the averaged analysis was used for the
indirect calibration and confirmation
analyses. Thus, the pooled standard

deviation of the wet-lab analysis
cannot be directly compared to the
indirect SEC and SEP errors. Al-
though the major change in the sodi-
um chlorite-treated samples was a
lowering of the lignin content, smaller
changes were also observed in the
hemicellulose and cellulose contents.
In general, an indirect analytical
method may be possible provided that
the change in the composition is at
least five times greater than the direct
sampling error. Based on this rule-of-
thumb, the change in the cellulose and
hemicellulose composition was consi-
dered large enough so that these
components were also examined.

The individual NIR and FTIR
calibration and confirmation plots are
shown only for the pine lignin analysis
(Figs, 1-4). As mentioned earlier, the
NIR samples were each run twice,

and thus the NIR confirmation plot
has more points (30) than the FTIR
confirmation plot (5). The duplicate
NIR runs also provide a visual means
of determining the NIR reproducibil-
ity. The NIR indirect pine lignin
method gave an excellent calibration
fit (R?2 = 0.99, Fig. 1), which was
slightly better than the FTIR calibra-
tion (R? = 0.98, Fig. 3). The NIR and
FTIR pine lignin confirmation plots
also gave good fits, although the
confirmation plots, as expected, had
slightly more scatter.

The statistical data and the number
of wavelengths used for all calibration
and confirmation equations are given
in Table IL In general, NIR gave a
smaller SEC in the calibration equa-
tions than FTIR. The exception was
that FTIR gave better results for the
sweetgum cellulose and hemicellulose
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}1. Secondary NIR and FTIR analysis results for pine and sweetgum samples

. Comparison of pine lignin analysis by FTIR
and NIR

FTIR NIR FTIR
Calibration Conta Calibration Contd I MR
No. of No. of Sample
spectral spectral Prep. time, 10 1
Component points R2 SEC® SEP° points  R? SEC  SEP min
Pine ‘ Scrz:]?ntlme, 5 1
Lignin 2 098 117 143 4 0% 041 084 Gallbration
Cellulose 3 0.83 233 220 3 0.82 110 2.24 R2 0.98 0.99
Hemicellulose NSR* NSR NSR e 4 0.79 0.91 1.03 F Test 1181 2764
Sweetgum i SEC 147 0.4
Lignin 4 097 154 123 3 099 089 129 Confirmation
Cellulose 3 091 088 202 4 08 101 276 SEP 143 0640
Hemicellulose 4 080 082 100 4 088 093 3.94 SEP/SEC 122 156
[t b
"Conf = Confirmation. °SEC = slandard error of callbration.°SEP = standard error of performance. | S samples. 230 samples.
INSR = no significant relationship. !
calibration. FTIR did not find a spectral points for any component. 1g Michell, A. J., Carb. Res. 173:
significant relationship for pine hemi- Both indirect techniques had diffi- 185(1988).

cellulose, and NIR gave only a rela-
tively poor fit (R? = 0.79). The reason
for the difficulty with the pine hemi-
cellulose component may be that the
pine hemicelluloses are mainly com-
posed of hexoses, as is the cellulose.
Thus, the FTIR and NIR data may
have had no unique spectral points to
differentiate between the hemicellu-
loses and cellulose. The lignin compo-
nent of both pine and sweetgum gave
the best results for both instruments.
This may be because the aromatic
lignin gives a spectra with several
unique peaks.

All calibration equations per-
formed adequately, as shown by the
confirmation samples. As expected,
however, the SEP was greater than
the SEC. Historically, an increase of
approximately 50% is observed for
NIR in going from SEC to SEP. FTIR
showed an average increase of about
40%, while NIR showed a much larger
increase of over 100%. In general, the
FTIRSEP waslessthan the NIR SEP
for every component except the pine
lignin.

A direct comparison of the two
procedures using the results from the
pine lignin is given in Table ITI, NIR
had a much faster and simpler sample
preparation and shorter scan time,
and it generally gave a better calibra-
tion fit. The error increase in going
from calibration to confirmation
(SEP/SEC) was less for FTIR. Both
NIR and FTIR gave the best results
for the lignin component, and the
calibration equation needed only 2-4
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culty in quantifying the pline
hemicelluloses.0
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