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ABSTRACT Changes in pulp samples in chemical composition were 
monitored during the birch kra f t  pulping process using three different 
spectroscopic methods-”C CP/MRs N M ,  FTR, and NR. The spectroscopic 
data were eualuated in relation to a matrix composed of chemical descriptors 
using multivariate methods. All these techniques could readily predict the 
contents of the main carbohydrate constituents (glucose and xylose] and the 
K h o n  lignin content. Although no attempts were made to optimize the 
analys& methods individually, N R  seems to be the best method. A suitable 
combination of spectroscopic data preprocessed in a multivariate way was 
better than any individual spectroscopic method used. 
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In characterizing complex samples 
like pulp samples, several difficulties 
a re  associated with spectroscopic 
methods such as13C cross-polarization/ 
magic angle spinning (CP/MAS) nu- 
clear magnetic resonance (NMR) 
spectroscopy, Fourier transform in- 
frared (FTIR) spectroscopy, and near- 
infrared (NIR) spectroscopy. The most 
important drawback is that signals 
from the three main polymer consti- 
tuents (cellulose, hemicellulose, and 
lignin) partly overlap as a result of the 
limited resolution of the solid-state 
techniques. 

By using multivariate analysis to 
characterize each spectrum, it is 
possible to diminish this problem. In 
principle, every data point in the 
spectrum could be used as a descrip- 
tor (variable). As a calibration tool 
and as a means to further increase the 
structural description of the pulp 
samples, a model can be derived based 
on a combined data set from various 
spectroscopic techniques. 

Our purpose in this study was to 
extract information from the spectral 
representations and to relate the 

information to classical chemical 
descriptors such as lignin content and 
carbohydrate content. Information is 
extracted in this way with the use of 
a multivariate calibration technique 
called “partial least squares data 
analysis” (PLS) (1, 2). Besides being 
able to resolve information out of 
overlapping lines, this technique has 
the advantage of being able to handle 
cases in which the number of samples 
is small compared with the number 
of variables used for the pulp 
characterization. 

Background 
The need for indirect or secondary 
analysis of complicated samples for 
material like pulp has recently at- 
tracted attention (3). Most attempts to 
extract information from spectroscop- 
ic data have been based on stepwise 
regression in which the compositions 
of lignin and sugars have been esti- 
mated. Recently developed instru- 
mentation, especially for FTIR, uses 
principal component regression 
(PCR) for such quantifications. The 

components from the orthogonal prin- 
cipal component analysis (PCA) are 
then used in the stepwise regression 
description. 

In a previous 13C solid-state NMR 
study of birch pulp samples taken at 
regular intervals during the kraft 
pulping process ( 4 ) ,  multivariate 
techniques made it possible to extract 
the information content in such a way 
that the amount of lignin could be 
predicted with great precision. As 
will be shown here, one can allow 
several chemical descriptors to enter 
into the dependent Y matrix. 

NIR data obtained from peat have 
been used earlier in PCA and PLS 
analyses to extract some information 
such as water content and calorific 
value (5).  This approach has also been 
used to determine the protein content 
of meat (6) and wheat (7). 

In a similar fashion, FTIR data a t  
selected wavenumber regions have 
been used for the multivariate corre- 
lation to peat descriptors such as the 
degree of decomposition and the 
content of amino acids (8). 
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1.3 
Experimental procedures 
Samples 
We analyzed the kraft pulping proc- 
ess by taking 20 pulp samples, collect- f ed during a period of 200 min. The 
samples were numbered according to 
minutes elapsed from a zero point, 
which was set to begin at  80°C. From 
this point, the temperature was raised 
at  0.8”C/min to a final temperature of 
170°C. The first sample was taken at  
60 min, and the last one was taken at  
260 min. The monosaccharide constit- 
uents (as alditol acetates).were deter- 
mined by sulfuric acid hydrolysis (72% 
HzS04, 30°C for 1 h, then diluted to 
2.5% H804 and autoclaved at  120°C 
for 1 h) followed by derivatization and 
gas capillary chromratography (9). 

Results were quantified using myo- 
inositol as an internal standard. The 
remaining material gave the Klason 
lignin content (corrected for ash 
content). The contents of monosaccha- 
rides and lignin were measured as 
percent of dry weight (Table I). The 
analyzed monosaccarides were glu- 
cose, xylose, galactose, arabinose, and 
mannose. 

The sum of the percentages of 
monosaccharides and Klason lignin 
varied between 80% and 96%. This 
variation was corrected for by scaling 
the carbohydrate data in such a way 
that it added up to 100%, including 
lignin. 

NMR measurements 
We obtained 13C CP/’MAS NMR spec- 
tra using a Brukei- MSLlOO spec- 
trometer operating a t  25.178 MHz. 
Instrumental parameters were: 
Contact time: 1 ms 
Repetition rate: 2.5 (5 

Line broadening: 20 Hz 
Rotational speed: 3.5 KHz 
Number of scans: 5000 
Data points: 700 zero filled to 2000. 
Five thousand scans were made using 
Andrew-Beems rotors made from 
per-deuterated PMMA (poly methox- 
ymethacrylate). Adamantane (6- 
CH2- = 38.3) was wed as an external 
reference. 

For analytical purposes, only mag- 
nitude spectra were used in the NMR 
processing [R,, = (Real2 + Imagi- 
nary2)’”, where the new spectrum, 
R,.-, is obtained by (squaring the real 
and imaginary solutions], thus exclud- 

4 
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1. Chemical composition of the pulp according to the chemical analysis 

Pulping Content, % 

Sample time, Klason 
no. min Arabinose Xylose Mannose Galactose Glucose lignin 

1 60 0.93 21.89 0.61 0.58 53.45 22.28 
2 70 1.12 21.56 0.42 0.51 55.42 20.88 
3 80 0.88 21.47 0.39 0.40 55.91 20.94 
4 90 1.40 20.77 0.35 0.35 57.50 19.64 
5 100 1.31 21.95 0.38 0.37 58.48 17.44 
6 110 0.86 22.34 0.33 0.28 60.59 15.60 
7 120 1.45 22.44 0.35 0.26 64.48 11.10 
8 125 1.07 23.19 0.36 0.21 67.04 8.1 4 
9 130 0.99 22.63 0.36 0.26 67.26 8.52 

10 140 1.18 25.15 0.40 0 68.74 4.53 
11 145 0.85 24.30 0.45 0 70.29 4.1 2 
12 150 0.65 23.75 0.37 0 70.90 4.33 
13 160 0.79 25.17 0.36 0 70.74 2.94 
14 170 0.81 24.34 0.36 0 72.25 2.24 
15 180 1.11 24.95 0.31 0 70.86 2.77 
16 1 90 1.15 25.13 0.33 0 71.1 2 2.27 
17 200 0.70 24.69 0.39 0 72.03 2.1 9 
18 21 0 0.98 24.15 0.33 0 72.74 1.79 
19 220 0.80 24.32 0.31 0 72.81 1.76 
20 260 1.22 25.42 0.33 0 72.1 7 0.86 

ing any error introduced by a manual 
phase correction. 

Diffuse reflectance FIlR 
measurements 
The infrared spectra were recorded a t  
26°C using a Bruker 113-V FTIR 
spectrometer equipped with a DTGS 
(deuterated triglycine sulfate) detec- 
tor and a Globar source. One thousand 
scans were combined, and the resul- 
t an t  interferogram was Fourier 
transformed to obtain a spectral 
resolution of 4 cm-’ over the spectral 
range. The samples were not specif- 
ically treated before the 
measurement. 

In an independent study by others 
( I O ) ,  the effect of milling has been 
especially studied using diffuse reflec- 
tance infrared Fourier transform 
(DRIFT). A substantial improvement 
of the standard error of prediction 
(SEP) was obtained by milling the 
sample to small particle sizes. How- 
ever, the optimization of a single 
method is outside the scope of this 
study. 

For the DRIFT measurements, an 
automatic sampling accessory from 
Bruker was used, and pure powdered 
KBr was used as a reference. 

Near infrared reflectance (NIR) 
measurements 
The NIR measurements were made 
using a Technicon InfraAlyzer 450 
operating with 19 different optical 
filters in the spectral range of from 
1445 nm to 2348 nm. 

The wavelengths used were (in 
nanometers): 2348, 2336, 2310, 2270, 
2230, 2208, 2190, 2180, 2139, 2100, 
1982, 1940, 1818, 1778, 1759, 1734, 
1722, 1680, 1445. Reflectance data 
were recorded (filter factor = 1) and 
transferred to a computer. Before 
measurements were made, the sam- 
ples were milled through a 1-mm 
sieve by using a KAMAS Slagy 200 
B mill. 

Data analysis 
From the NMR spectra, 73 evenly 
distributed da ta  points in the 
“carbohydrate” region (60-115 ppm, 
every 4th data point from the original 
spectrum) were used as variables 
(Fig. 1). Details about the conversion 
of raw data into digitized data suit- 
able for principal components or 
partial least squares analysis can be 
found elsewhere (11). 

From the DRIFT spectra, 75 equal- 
ly spaced wavenumbers from the 



1. The difference between the NMR spectra of the first sample (60 min) and last sample 
(260 min). The spectral region used in the calculations is indicated. 
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spectral window 2000-715 em-’ were 
used as variables. No attempt was 
made to optimize the selection of data 
points or spectral regions. Absor- 
bance intensities were used, and a 
baseline correction was established 
according to instrumental software 
before transferring the data to a 
personal computer. 

Multiplicative scatter correction 
(MSC) (1.29, which is a method devel- 
oped for NIR data, was also used 
because we noticed a slightly im- 
proved predictive ability for the IR 
data with this data preprocessing. We 
also corrected the NIR data (19 wave- 
lengths) by MSC before these data 
were used in the PLS calculations. 

The chemical analysis data were 
combined in one dependent matrix 
(Y) (percentage of 5 monosaccharides 
and Klason lignin). In the calculations 
in which principal components were 
used as variables, these variables 
were automatically scaled to a var- 
iance of 1. When the NIR variables 
were used together with principal 
components from NMR and IR data, 
the NIR variables were scaled to give 
approximately the same sum of 
squares as the six principal compo- 
nents together. 

During the calculations, “cross- 
validation” was used to determine the 
number of significant components 
(13). 

To validate and compare the predic- 
tive ability of the models, the samples 
were divided into a calibration set and 
a test set. 

Reviews about principal compo- 
nents and partial least squares anal- 
ysis can be found in the relevant 
literature ( I ,  2, 14). 

Results and discussion 
According to the composition of mo- 
nosaccharides obtained from the 
chemical analysis (Table I), all sam- 
ples contain mainly glucose and xy- 
lose. The additional sugars are only 
present in minor amounts. 

As mentioned, the spectroscopic 
methods used for the pulp samples 
give complicated spectra in terms of 
overlapping signals from different 
constituents. To illustrate this com- 
plexity, Fig. 1 presents an NMR 
difference spectrum [first sample 
(after 60 min) minus the last sample 
(after 260 min)]. In the region used, 
signals from lignin, cellulose, and 
hemicellulose are not resolved. Out- 

side this spectral region, the resolved 
aromatic signals (low field at 115 
ppm) and the methoxy carbons of 
lignin (56 ppm) can be seen. 

The calculated PLS models readily 
describe the changes in the main 
constituents (glucose, xylose, and 
Klason lignin). For the remaining 
sugars, which a re  all present in 
amounts around 1% each, only the 
gradual decrease of galactose is de- 
scribed properly. This condition 
arises because of connection or corre- 
lation with the main delignification 
process. The reason these low-content 
sugars are not described by any of the 
methods used is that the analytical 
sensitivity is limited in the spectro- 
scopic methods and in the chemical 
analysis. 

NMR 
Using NMR data, we obtained a 
three-component model that describes 
98.3% of the variance within the 
chemical composition data (Y). As 
Fig. 2 shows, the major chemical 
constituents glucose, xylose, and 
Klason lignin are rather well account- 
ed for by the model. Also, the galac- 
tose content is well described from 
this model. As mentioned, however, 
this is most likely an effect attribut- 
able to the correlation with the main 
delignification process. 

The changes in mannose and arabi- 
nose content are not described by this 
model, and the situation is similar 
with DRIFT and NIR. This result is 
in opposition to some of our prelimi- 
nary results presented earlier (15). 

These results are based on variables 
using only the unresolved %arbohy- 
drate” region of the spectra (Fig. 1). 
Even if the signals are overlapping in 
this limited region, information can 
be extracted by using the multivariate 
methods. 

As shown previously (4), an im- 
proved description of the Klason 
lignin content is obtained if the 
resolved low-field lignin signals from 
the NMR spectra are included. 

FIlR 
By using the DRIFT data, we ob- 
tained a two-component model that 
described 78% of the variance in the 
chemical composition matrix. 

As Table I1 shows, the predictive 
ability is not as good as with NIR data, 
but  a selection of wavenumbers 
should improve the model (that is, if 
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2. The result of the calculation with the NMR data as independent matrix: measured vs. predicted contents of xylose, glucose, Klason lignin, 
and galactose. (Numerals refer to Table I.) 
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variables that do not contain informa- 
tion about the actual problem are 
excluded). It is likely, however, that 
the observed difference between NIR 
and DRIFT data can be ascribed to 
the refining that was performed only 
on the NIR samples. 

NIR 
With NIR data, the best model was 
obtained in terms of predictive ability 
(Table 11). A three-component model 
described 99.0% of the variance in the 
chemical composition matrix. As Fig. 
3 shows, the predictions are excellent, 
especially for Klason lignin and 
glucose. 

In Table 11, the predictive abilities 
for the different spectroscopic meth- 
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ads are compared. NIR gives the best 
predictions for all of the major con- 
stituents (Klason lignin, glucose, and 

II. The standard error of prediction for the 
different models 

- 

xylose). 

NIR, NMR, and F l l R  
Because all of these spectroscopic 
methods can be used to probe the 
chemical changes that occur during 
the birch kraft pulping process, it is 
likely that a better description of the 
process can be derived by using the 
combined spectroscopic data. There 
are different ways of combining the 
spectroscopic data, and we will con- 
sider two of these here. 

As a first attempt to improve the 
predictive ability of our model, three 
principal components from each spec- 

Klason Glucose, Xylose, 
lignin, % % Yo 

NMR 1.82 1.89 0.57 

FTlR 3.31 3.09 0.65 

NIR 0.70 1.03 0.57 

3 PC NIR 1.15 1.03 0.73 
+ 3 PC NMR 
+ 3 P C  
FT-IR 

NIR 0.61 0.74 0.54 
I + 3 P C N M R  
' + 3 PC FT-IR 
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4. The result of the calculation with the combined matrix NIR and three principal components from each NMR and FTIR data as independent 
matrix: measured vs. predicted contents of xylose, glucose, and Klason lignin. (Numerals refer to Table I.) 
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troscopic data matrix are combined to 
an X matrix containing nine varia- 
bles. After automatically scaling the 
principal components in thexmatr ix ,  
we performed a PLS calculation, with 
the composition of chemical constitu- 
ents as the dependent matrix (Y). 

As Table I1 shows, this approach of 
combining experimental data does 
not improve the standard error of 
prediction for any of the constituents, 
compared with analysis based on NIR 
data  only. Because NIR was the 
preferred method in the separate 
calculations, we combined the origi- 
nal 19 NIR variables with three 
principal components from NMR, as 
well as FTIR, to form an X matrix 
totally composed of 25 variables. 

After scaling the NIR data to give 
approximately the same sum of 
squares as the six principal compo- 
nents together, we performed a PLS 
calculation. The resulting three- 
component model describes 98.8% of 
the variance in chemical composition. 
As can be seen in Table 11, the stand- 
ard error of prediction is reduced for 
all of the major constituents (Klason 
lignin, glucose, and xylose). 

The resulting plots are presented in 
Fig. 4. 

Chemical analysis 
The chemical analysis of the pulp 
samples suffers from some complicat- 
ing effects. First, the samples mea- 
sured do not contain monosaccharides 

or Klason lignin, and the relationship 
between these and actual constituents 
(cellulose, hemicellulose, and lignin) 
might be complex. 

In addition, because the amounts 
are given as percent of dry substance, 
a “closure” effect is present in the 
chemical analysis matrix (16). This 
effect arises because the variation of 
the concentration of one constituent 
causes variations for others. In this 
case, a decrease in Klason lignin will 
induce a relative increase in the 
amount of carbohydrates. This condi- 
tion will make it difficult to interpret 
the chemical significance for the 
calculated PLS components. 

Finally, the amounts of the less 
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*E abundant sugars approach the errors 
associated with the chemical analysis. 

Conclusions 
Any of these spectroscopic methods 
(CP/MAS NMR, FTIR, and NIR) can 
be used to describe the major changes 
in chemical composition that occur 
during the kraft pulping of birch. The 
data were evaluated by using multi- 
variate data analysis methods. 

1 
a“ 

In this study, NIR was the spectro- 
scopic method that  gave the best 
model in terms of predictive ability. 
The NIR method is both fast and easy 
to use, and it represents an attractive 
alternative method for obtaining 
information about chemical constitu- 
ents. In combination with fiber optics, 
NIR might also be used for “on-line” 
measurements ( 1 7 ) .  However, no 
attempts have been made to optimize 
the individual spectroscopic analysis 

in terms of sample handling (the 
sample holders in DRIFT, the rotors 
in NMR, etc.) or in terms of sample 
pretreatments (such as sample dilu- 
tion and refining). 

The addition of principal compo- 
nents from the NMR and DRIFT data 
to the NIR variables resulted in a 
model with better predictive ability 
than obtainable with the single NIR 
measurements on1y.U 
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