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ABSTRACT

Near infrared spectrometry and multivariate data analysis
were applied to predict the chemical composition and phy-
sico—chemical characteristics of eucalypt unbleached kraft
pulps obtained at different laboratory pulping conditions.
Viscosity, degree of polymerization (DP), kappa, brightness
and contents of glucan, xylan, uronic acids, and lignin were
the modeled variables using diffuse reflectance near infrared
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spectra obtained on pulp handsheets and the partial least
squares (PLS) method. Models with two to four PLS compo-
nents and good predictive ability were established after first
derivative spectra pre-processing and application of cross-
validation methodology. The predictive models can reduce
the time consuming traditional analyses in the pulping indus-
try laboratories, and also lead to a better process monitoring
for suitable applications.

Key Words: Kraft pulp; Carbohydrates; Automation; Mul-
tivariate calibration; NIR spectrometry

INTRODUCTION

The interest in monitoring chemical processes by spectrometric tech-
niques and multivariate data analysis has increased remarkably. Advantages
of low cost, fast and reliable data and the possibility to obtain “on-line” or
“at-line” information are attractive considerations in recent investiga-
tions.!''?! These terms are related with the analysis automation; if it is
fully automated it is termed ““on-line”’, whereas if conducted in a laboratory
instrument located in the manufacturing area after manual sampling it is
termed “at-line”’. The term “on-line” has been also subdivided into on-line,
in-line and non-evasive analysis.>¥ Traditionally, process control has been
performed using “off-line”” analysis involving manual sampling and trans-
portation to a specialized laboratory where complex sample preparation and
considerable time is necessary. The use of spectrometric methods can pro-
vide rapid determination of many production parameters and if a spectrom-
eter is located close to the manufacturing it may be possible to make rapid
changes to optimize the process, thus improving efficiency for industry.!

In the pulping process, traditional “on-line” process measurements are
limited to pressure, temperature and pH, while other physico—chemical and
composition parameters are usually determined in the laboratory, resulting
in a delay of a few hours that sometimes can be difficult to manage, espe-
cially in large scale integrated mills. Once the pulp is made, brightness and
consistency are also some pulp properties that can be determined “on-line”,
but pulping and bleaching are complex processes requiring many simul-
taneous controlled parameters.

The implementation of “on-line” and ‘“‘at-line”” measurements requires
not only instrumentation, but also reliable calibration. Applications of spec-
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trometric methods combined with multivariate data analysis have shown to be
useful for investigation of pulping kinetics!® and beating effects on pulp.!”’

Of the various spectrometric methods, near-infrared (NIR) applica-
tions have been most often reported for several industrial materials including
solids, liquids, and melts,® " with a recent growth seen in many wood based
applications. NIR has advantages such as non-destructive analysis, a fast and
simple procedure, minimal sample pre-treatment and the possibility of
employment in process monitoring using fiber optic technology. The draw-
backs are sensitivity to matrix effects caused by light scattering and physical
dimensions, spectral complexity due to overlapping peaks and non-linearity
between apparent absorbance and concentration, and specificity of the cali-
brations. Applications of an integrating sphere for diffuse spectrum acquisi-
tions, preparation of pulp sheets and chemometric tools combining
linearizing transform and multivariate calibration can reduce the drawbacks
improving the technique performance. Linear transforms such as the
Kubelka-Munk (KM) transform, multiplicative scatter correction (MSC),
orthogonal signal correction (OSC), and derivatives have been described
elsewhere.[!'13]

Mathematical modeling using data obtained with chemical methods
and spectral information can be performed using classical least squares
(CLS),!" multiple linear regression (MLR), principal component regression
(PCR) and partial least squares (PLS).'! The latter has the versatility to
predict more than one variable, because a non-iterative PLS (NIPALS) algor-
ithm is used to calculate model parameters.''®!”! This advantage has made
PLS wused extensively for NIR applications in wood, pulp and paper
samples.'® 2 In this study, we present a multivariate calibration model for
eight chemical and physico-chemical variables developed for eucalypt kraft
pulp that can be applied as ““at-line” in a routine pulp mill laboratory close to
the digestor.

MATERIAL AND METHODS
Materials
Wood and Chips
Wood of Eucalyptus grandis, eight years old, was used to obtain chips
employing an industrial chipper. Chip fractions in the width range of

2-5mm and length range of 16-45mm were selected for pulping using a
bar and hole chip classifier.
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Pulps

The process for pulping was conventional kraft using NaOH and Na,S
as liquor components and a REGMED laboratory reactor of 201 equipped
with automatic temperature and heating rate control. The wood content for
pulping was 1000 g.

Nine kraft pulp samples were obtained using active alkali of 15.5, 18.1,
19.4, 20.7, 22.0, 23.3, 25.9, 28.5 and 31.1% as NaOH, respectively. The
pulping temperature of 1654 2°C, heating rate of 2.8 £0.1°C/min, sulfidity
27.24£0.1% as NaOH, and a liquor-wood ratio of 4:1 were used in all
experiments.

Pulp Handsheets

Pulp handsheets with a grammage of 75 g/m?* were prepared in a Rapid
Kothen apparatus using deionized water.

Methods

Carbohydrates and Uronic Acids

Glucose, xylose, mannose, arabinose, galactose, and rhamnose were
determined in acidic pulp hydrolyzates using HPLC-PAD.”* Uronic acids
were determined according to the Scott method.!*!

Lignin

Acid insoluble and soluble lignin were determined according to a
modified method®® and ultra-violet spectrometry at 205nm (TAPPI
useful method T 259, 1975), respectively.

Kappa, Relative Viscosity and DP

Kappa, relative viscosity and DP were determined using standard
methods (TAPPI method T 236, 1985; TAPPI method T 230, 1994
SCAN method C15-16, 1962), respectively.
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ISO Brightness

Brightness was determined using a DATACOLOR 3300 spectropho-
tometer and standard method ISO 3688.

Diffuse Reflectance Near Infrared Spectrometry

Diffuse reflectance NIR spectra was obtained using PERKIN ELMER
Lambda 19 spectrometer equipped with a 60 mm integrating sphere, coated
with BaSO,4. A scanning rate of 120nm/s was used in a range of 900-
2200nm for pulp handsheets. NIR spectra were converted to Kubelka-
Munk, first and second derivative modes using the software PERKIN
ELMER UV WinLab [.51.

Data Analysis

Calibration

Calibration is a procedure of modeling that describes the relationship
between two groups of variables, often called dependent (Y) and indepen-
dent (X)) variables. Univariate calibration is applied elsewhere for chemical
analyses using instrumental methods. In this procedure a relationship
Y =/(X) is established using an instrumental variable, e.g., spectral absor-
bance at one wavelength, for different concentration standards. The model
parameters called regression or sensitivities are used for prediction of new
samples. Multivariate calibration is based on the same principle, but the
model or relationship is obtained employing data from the whole spectrum,
e.g., spectral absorbance at several wavelengths, and more than one depen-
dent variable can be used simultaneously.

Model building in multivariate calibration can be performed using the
PLS method that can use the NIPALS algorithm to calculate model param-
eters. Firstly, dependent variables, e.g., concentration values, are grouped in
the Y block and independent variables, e.g., spectral data, are grouped in the
X block. The Y and X blocks are decomposed using NIPALS to a sum of
outer products of vectors called scores (f) and loadings (p). An additional
set of vectors termed weights (w) is also calculated in order to improve the
relation between the two blocks. NIPALS uses ¢, p, and w to calculate a
vector of “inner-relationship” coefficients which relate X and Y block
scores. Residuals for X and Y blocks and regression coefficients (b) are
also calculated for each PLS component.[!®!7]
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Prediction

Prediction in PLS is performed by decomposing the indepen-
dent block X and building up a new dependent Y block. For such
a purpose, #, p, w, and b calculated during the calibration step are
saved for each PLS component. The number of PLS components for
a model is determined by using cross validation methodology,
which calculates the lack of prediction accuracy, called prediction
residual error sum of squares (PRESS). A number of PLS compon-
ents that yields the lowest PRESS is usually chosen to establish a
model.['®!

Multivariate calibration and prediction were performed using the PLS
Toolbox with MATLAB 4.0 software.

RESULTS AND DISCUSSION
Pulping Experiments

The change in the active alkali in pulping experiments affected
both pulp chemical composition and physical chemistry parameters as
presented in Table 1. The series of pulp obtained covered the different
properties usually required for production of tissue and printing and
writing papers.

Pulp Characterization Is Time Consuming

Determination of carbohydrates and the lignin content in pulp
samples are time consuming procedures and are generally not performed
in the pulping industry. In order to have information about pulp degrada-
tion by the process, parameters such as viscosity and kappa are
measured due to their relative simplicity. Kappa was developed as a par-
ameter associated with lignin content in pulp, and it is traditionally
employed to estimate the extent of delignification in pulping, in spite of
the interference from hexenuronic acid.?”’ Viscosity is another process
parameter generally used to indicate the damage in the carbohydrate por-
tion in pulping. Despite their simplicity to perform, a skilful worker
requires at least 90 min for both results. Brightness is also a time consum-
ing and costly determination requiring specific instruments and proper
sample preparation.
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The application of NIR spectrometry combined with multivariate cali-

bration can address sample preparation and analyses in 9 min, reducing the
time by 90%.

Near Infrared Spectrometry

The NIR spectra for the different pulp samples are presented in
Figure la. Characteristic bands of OH of water (1930 nm), OH of alcohol
(2100nm) and OH of phenol (1490 nm) and other overlapping peaks are
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Figure 1. NIR spectra for kraft pulp samples obtained with different active alkali
dosage; (a) Original diffuse reflectance spectra; (b) First-derivative treated spectra.
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observed at different intensities, but the complex nature of the pulp chemical
composition address difficult spectral interpretation if a conventional
approach is used. In order to linearize the spectral information with the
investigated variables, methods of mathematical pre-processing were used.
The first derivative transform was applied and the obtained spectra are
presented in Figure 1b. Other pre-processing methods such as second deri-
vative and Kubelka-Munk were also tested, but first derivative gave calibra-
tion models with better correlations.

Multivariate Calibration

The first derivative NIR spectra were grouped in a matrix X (9,1300)
and data of viscosity, kappa, brightness, degree of polymerization and
contents of glucan, xylan, uronic acid and total lignin were organized in
individual matrices named Y (9,1). The matrices X and Y were mean-
centered.

The PLS method was applied and the X matrix attributed as
predictor or independent variables and Y matrices as predicted
or dependent variables. The leaving-one-out cross-validation method was
used to calculate the (PRESS) and to establish the number of PLS com-
ponents for each model. The obtained models were evaluated through the
root-mean-square error of cross-validation (RMSECYV), root-mean-square
error of calibration (RMSEC), root-mean-square-error of prediction
(RMSEP), and plots of actual versus predicted values and leverage
versus studentized residuals. The PLS models and their root-mean-squares
errors are presented in Table 2.

Table 2. PLS Models for Kraft Pulp Chemical Composition and Physical
Chemistry Properties

Model PLS Components ~ RMSECV"” ~ RMSEC®  RMSEPY
Kappa 02 1.56 0.814 1.87
Viscosity 04 7.20 0.352 8.16
Brightness 03 1.07 0.266 1.28
DP 02 77.92 33.990 96.32
Glucan 04 1.69 0.082 2.03
Xylan 03 0.70 0.165 0.87
Uronic acids 03 0.24 0.048 0.32
Total lignin 03 0.30 0.049 0.39

Root-Mean-Square-Error of: (1) Cross-validation; (2) Calibration; (3) Prediction.
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Figure 2. Actual versus predicted values for models to estimate contents of glucan,
xylan, uronic acid and total lignin.

The PLS models for kappa and DP showed highest prediction
performances while the glucan and viscosity models showed the lowest
performances, according to RMSECV/RMSEC and RMSEP/RMSEC
ratios, respectively. In general, models showed good predictive ability as
can be observed in Figures 2 and 3 where actual versus predicted data
were respectively plotted for models of chemical composition and physical
chemistry properties. Despite of it, the model errors are higher than the
laboratory errors presented in Table 1, which can be expected once the
traditional laboratory results were used as primary standards for NIR
calibration.
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Figure 3. Actual versus predicted values for models to estimate kappa, viscosity,
brightness and DP.

Perspectives for Application of Multivariate Calibration
Models in Pulping

The application of multivariate calibration models in pulping as
a process analytical chemistry tool, using ‘“‘on-line” measurements, is
dependent up on development of a proper sensor and sampling devices to
acquire spectra under specific conditions. Fibers are often in water and
effects of scattering, turbulence, temperature oscillations, and other inter-
ference sources can occur. The solution of these drawbacks has a promising
future for a new era in the pulp mill process monitoring.
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Water is another component that can affect both the fiber structure
and the NIR measurement, but can be compensated by the linearizing trans-
form tools. Many of the NIR applications reported previously were done on
dried pulp or wood material to avoid the water effect. Despite the actual
limitations for a direct process application for fiber analyses in pulp mills,
models have a good perspective to be used in routine laboratories where
tedious and time consuming procedures can be replaced by handsheet
preparation and subsequent NIR measurement. This new procedure
requires a strict experimental condition both for calibration and measure-
ments, but will reduce analysis time and costs, improving the laboratory
productivity and process monitoring.

CONCLUSION

Diffuse near infrared spectrometry and partial least squares method
were applied to perform multivariate calibration models for kraft pulp
chemical composition and physical chemistry properties. The obtained
models showed good predictive ability for contents of glucan, xylan,
uronic acids, and total lignin, as well as for kappa, viscosity, brightness,
and degree of polymerization in a practical range used in eucalypt kraft
pulping. Application of this procedure for performance improving in
a routine pulp mill laboratory and better process monitoring is
recommended.
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