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MULTIVARIATE DATA ANALYSIS OF IN SITU PULP KINETICS
usNG 13¢ cp/MRs NMR.

lars Wallbidcks, Ulf Edlund and Bo Nordén

NMR Research Group, Department of Organic Chemistry
Umed University, S-901 87, Umed, Sweden.

ABSTRACT

13¢c cp/MAS NMR spectra of birch pulp samples were measured at
regular intervals during the kraft pulping process. General
multivariate data analysis methods based on principal components
were used to extract the spectral information content and to
relate these components to chemical descriptors such as lignin
content. It was shown that this approach has an improved
predictive ability relative to traditional methods. Model
parameters could also be used to construct subspectra with
independent information.

INTRODUCTION

A variety of spectroscopic techniques have earlier been
used in order to separate concepts of crystallinity, morphology,
mobility, lignin content etc. in cellulose samples. However, all
measurements are hampered by the fact that contributions from
lignin, cellulose and other carbohydrates are superimposed in
overlapping bands. An important facet of wood research would be
to design specific experiments that could afford subspectra of
the different chemical components. 13c CP/MAS NMR is a
relatively new technique that has shown great promise in
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elucidating polymeric order/disorder. In the cellulose chemistry
field, several reports have recently appeared where 13c cp/MAS
NMR data have been interpreted in terms of morphology changes?.

As expected for camplicated samples, resolution is a
strongly limiting factor for interpreting spectroscopic results
and there is also a controversy how to assign the broad signals,
i e what areas in the biopolymer are responsible for the broad
components2. To partly overcome these problems, variation in
molecular dynamics has been proposed as an approach to separate
signals from crystalline and non-crystalline areas. Horii3 showed
that 13C T;’s were considerably longer for crystalline than for
non—crystalline cellulose. A similar dynamic separation, based on
Tl}; differences, has recently been suggested for the construction
of subspectra of various wood products?.

Due to the low resolution in 13C CP/MAS NMR of pulp samples,
all studies reported so far have only discussed spectral changes
in regions of low signal overlap. In a recent study of the
delignification during pulping of white spruce, the Klason
lignin content was correlated to the normalized intensity of the
aromatic C3, C4 carbon signals of lignin®. Due to the low
relative intensity of this signal, pulp samples having lignin
content below 5 % did not have measurable resonances at that
spectral region. It is cbvious that if spectral changes due to
the methoxy carbons, as well as from the Ca' CB and CY carbons
could be taken into account, a better description of the
delignification process could be achieved. This approach,
however, would demand the use of multivariate data analysis
methods.

Multivariate approaches, based on principal components data
analysis, have earlier been applied on experimental data of
complex samples of this kind®/7, Partial least squares (PLS) data
analysis have been used to the multivariate calibration problem
of determining concentrations of ligninsulfonate, humic acid and
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a detergent containing whitener, by molecular fluorescenceB.
This two~block approach has also been used to give valuable
information about properties of peat using FP-IR intensity
values?. FT-IR data at selected wavenumbers were correlated with
various peat descriptors, like calorific value, degree of
decomposition, content of amino acids etc. using PIS modelling.
These data analytical methods have been developed to handle
causal and camplicated relations within a data set, and they are
also well suited to handle large data sets, where relatively few
objects are described by many variables.

If the miltivariate methodology is applied on the 13¢ cp/vas
NMR data of pulp samples, we will have a most efficient tool to
extract information concerning the pulping process. In this first
report we will demonstrate the methodology using birch kraft pulp
samples where Klason lignin content is used as the only pulp
descriptor.

The major concern and also the strength of the presented
data analysis approach, is to eliminate factors that are
associated with spectral processing. In future reports we will
include "many-block" PIS techniques, using FI-IR diffuse
reflectance data, NIR, an extended descriptor matrix containing
carbohydrate analysis data etc. The purpose of this project is to
get as a detailed description as possible of the major pulping
stages, by identifying the spectral regions which are of interest
and how these observed signal changes are related to other
accessible descriptors used to probe the pulping process.

METHODS
Samples
The kraft pulping process (birch) is probed by 40 samples
collected at regular time intervals (5-320 min), the zero point
is 80 ©C with an increase by 0.8 °C/minute until the maximm
temperature of 170 ©C is reached. The samples were prepared at
two different occasions (with 20 samples each), at MoDo research
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laboratory, Ornskéldsvik, Sweden. To confirm reproducibility,
eight of the first measurements were repeated once, using new
material from the given batch. Twenty additional batches were
produced in order to get a more detailed description of the main
delignification period. The second series then contains the first
28 samples in addition to the 23 samples from 20 new pulp
batches. The lignin content was analyzed according to standard
methods for Klason-lignin.

MR

13¢ cp/MAS NMR spectra were obtained by using a Bruker MSL
100 spectroameter operating at 25.2 MHz. Air-dried samples were
approximately 3.5-4 KHz. The contact time was 1 ms and the
recycle time was set to 2.5 sec. The mumber of scans varied
between 2000 and 30 000. A 20 Hz line-broadening was introduced
in each spectrum, and data were analyzed using both marmually
phase corrected spectra and using magnitude spectral®. When
duplicate samples were run it was found that the use of magnitude
spectra gave more consistent results. In order to overcome the
problem of intensity differences caused by differences in sample
volume and nunber of scans, spectra were normalized to a constant
integration sum. For the data analysis the region from 5 to 184
Pem was used for all samples.Intensity vaiues in 93 evenly
distributed data points fram the 51 spectra (11 duplicates)
constituted the 13¢ CP/MAS NMR data matrices. In the calculation
based on data fram the carbchydrate spectral region (60-115 ppm),
a separate normalization of these 30 variables was performed.
Spectra of samples withdrawn at two different stages in the
pulping process (5 min and 220 min, respectively) are shown in
figqure 1.
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FIGURE 1 13C CP/MAS NMR spectra of birch pulp samples
taken at 5 min. and 220 min.

Data analysis

Spectroscopic data are usually more complex than ordinary
"wet" chemical analyses data. This might lead to difficulties in
the assigmments of spectral regions which are of relevance for
the actual problem. In our approach the intensity values at
several chemical shift values (I) of a set of N 13c cp/MAS
spectra are measured. Thereafter a multivariate method is used to
create a calibration model. The calibration model can then be
used to predict lignin content (¥) of new pulp samples, which
have not been chemically analyzed. The Y vector could also be
expanded to other pulp descriptors of relevance like viscosity,
R5, kappa value, carbohydrate analysis data etc.
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Traditional methods.

Usually the calibration problem is tackled by applying
muiltiple regression (MR), where separate MR are made for each of
the dependent variables. However, spectroscopic data are not
suitable for such an analysis since the variables are often
strongly correlated, leading to an unstable statistical solution.
Alternatively one can reduce the X matrix to a set of
uncorrelated principal camponents and thereafter apply normal
multiple regression using the component scores as X variables.

Princi] nents/ Partial Ieast Data Analysis.

The experimental data were analyzed using principal
components (PC) and partial least squares (PLS) data
analysis11/12,13,14  mhe descriptor matrix X contains the
elements xjx (intensities) where index i is used for the
descriptors (chemical shifts) and index k for the samples. Fram
this data matrix the number of product terms, A, and the
parameters, bj, and tyx in egn. 1 are estimated by minimizing the
squared residuals ejk.

A
xik=>_{i+az_1bia* tak + eix (1)

In this model %{ and bj, are constants, which only depend on
the 13c intensities. The tgx term is the sample dependent
parameter. Deviations from the model are expressed by the
residuals ejy.

First a model A=0 is fitted to the data, which means that
each intensity is given as its mean value x;j. Then the %; value
for each variable is subtracted from the matrix element xj) thus
giving residuals of dimension zero. If these residuals now
contain systematic information, biy * tyx is estimated. Whether
the residuals contain information or not is determined by
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cross-validationl®, which is an efficient strategy to determine
if a component is significant or not. With this method, the
predictive strength of the a:th cross-term is checked by first
deleting approximately 25 % of the basis data set. The y values
of the deleted samples are then predicted and the sum of squared
difference (ss) between the observed and calculated y values is
calculated. Another 25 % is then amitted, an additional ss is
calculated etc., until every sample has been kept out just once.
If the sum of the four separate ssg is smaller than the camplete
ss of the total Y matrix, the component is taken as significant.

The "sensitivity" of the shift variables, bj,, determines the
direction of the hyperplane in the A-dimensional space. By
plotting the loadings against the shift it will be possible to
create "subspectra"’, determined by the systematic variation in
the data matrix. A geometrical interpretation of PCA is presented
in figure 2.

The correlation between a 13C CP/MAS NMR matrix ard a
chemical analysis (CA) matrix is quantified by using a soft
modelling method called partial least squares data analysis
(PIS). The PIS method is an extension of PCA in that two matrices
are analyzed similtanecusly, one matrix (X) containing the
independent set of variables (NMR measurements), and the other
matrix (Y) containing the dependent variables (lignin content).
Subsequently, PCA-like algorithms are used for both matrices and
a regression relationship is established between the matrix
components. The relationship is later used for predictive
purposes for new samples, where only the independent matrix
variables are measured.

RESULTS AND DISCUSSION
Principal Components Data Analysis
As an initial analysis, a 13C intensity matrix including 28
spectra from the first 20 samples (spanning the time damain 5-320
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FIGURE 2 The data are least squares modelled by a line
through the average X. This line is the first
principal component (PC) and its equation is
defined by the loading vector b;. The
projection of point k on the line lies on the
distance t i from X.

min.) was conpressed using principal camponents data analysis. At
this stage, no attempts were made to optimize the sampling
interval or to make any variable selection i.e. choice of shift
values. The result of the first analysis was that a model having
two components could explain 90 % of the total variance within
the data set. The major component, tj;, described 85 % ard was
mainly accounting for the grouping of samples from the initial
cooking and the final cooking period. As could be seen from
Fig.3, there are few pulp samples in between these two groups,
all of them representing intermediate cooking times. As earlier
mentioned the relevance of each variable in the model can be
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FIGURE 3 Plot of the first two principal components
'~ (score t; Vs score t;) from the PC analysis.
Samples from initial cooking period to the
left, and from the final cooking period to the
right.

illustrated by a loading (bj,) plot. Since the t; component
approximately parallels the delignification process, one would
expect a plot of the loading values for the first component vs.
shift to show strong similarities to a 13¢ NMR spectrum of
lignin. As seen in Fig.4 it is possible to assign the main peaks
in the "subspectrum" to lignin resonancesl®.

In this way it would be possible to construct subspectra
corresponding to each relevant PC camponent. The whole class
analysis could be subdivided into, in this case, three separate
classes based on the grouping pattern. New b;,-plots
will now approximate composition/ morphology changes within each
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FIGURE 4 Plot of chemical shift values vs loadings (bja)
for the first component. in the PC analysis.

group. Thus by examining the loadings that result from a subclass
analysis, it will be possible to sort out the camposition changes
that occur during a specific pulping period. This

approach will be especially useful in the two-block analysis
step, when we have access to other pulp descriptors than the
lignin content. This approach will be considered in detail in a
future paper.

Partial Ieast Squares Data Analysis (PIS}.
Since the PC analysis showed the expected grouping due to the
delignification process, it could be worthwhile to treat the
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FIGURE 5 Plot of measured lignin content (obs) vs PLS
predicted lignin content (pred) for "unknown"
samples (not included to calculate the model).

problem as a two-block approach, where the intention is to
approximate the information content in the NMR matrix and the
calibration set ( lignin content) simultanecusly. The result of
such an analysis showed that 99.7 % of the variance in the lignin
content can be described by a three-component PIS model ( 26 of
the 51 objects where used to calculate the model and the
remaining samples were predicted ). The first of these three
components explained as much as 98 % of the variance in lignin
data. Based on this learning set, we have a most efficient model
to predict the lignin content of new samples, as can be seen in
Fig.5 .

Hence, based on the three-component FPLS model, a CP/MAS 13¢
NMR spectrum is completely sufficient to predict the lignin
content of an "unknown" pulp sample (which has not been included
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FIGURE 6 Expansion of figure 5, showing samples with low
lignin content.
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FIGURE 7 Plot of measured lignin content (obs) vs PLS
predicted lignin content (pred) for "“unknown"
samples. The model is calculated based on
resonances from the carbohydrate spectral
region (60-115 ppm).
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to calculate the model). It is especially interesting to
consider the predictive ability using samples of low lignin
content, where traditional data analytic methods based on the
intensity of resolved resonances have failed. As seen in Fig. 6,
the stability of the model is quite impressive i.e. samples
having lignin concentration less than 5 % are all well predicted.
As expected the bjz-plot for the first PLS component is identical
with the bj,-plot from the PC analysis presented in Fig.4.

To further demonstrate the power of this technique, the
analysis was repeated using only variables in the overlapped
carbohydrate spectral region (60-115 ppm). As can be seen from
Fig.7, the prediction of the lignin content is still acceptable.
It is cbvious that even when the resolved peaks for lignin
(methoxy and aramatic) are excluded, there is still enough
information in the nonresolved region which could be used to
predict lignin content using the PLS method.

CONCIUSIONS

In situ pulp kinetics can be probed by 13c cp/MAS NMR and
the information content can easily be extracted using multi-
variate data analysis methods. The chemical interpretation is
substantially facilitated if NMR data are coupled to other data
representing chemical/physical descriptors of the pulp, as
exerplified here with lignin content. The interrelations between
such data, using partial least squares data analysis, open new
probes to monitor changes in camposition and morphology during
pulping and to compare relative reaction rates in localized areas
of wood polymers. An extension of this methodology is to add data
from other spectroscopic techniques, such as IR and NIR. This
will be considered in detail in a future paper.
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