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Pulp Analysis

The characterization of pulp
samples is difficult and tedious

due to the complex nature of pulp.
Traditional spectrometric methods
such as Fourier transform infrared
(FTIR) (1–4), near infrared spec-
trometry (NIR) (2, 5–8), and others
such as nuclear magnetic resonance
(NMR), cross polarized/magic angle
spinning/nuclear magnetic resou-

time consuming and adds additional
error sources.

The spectral contribution from a
material under analysis is in many
applications less than one tenth of
the total spectrum. This makes the
method sensitive to matrix effects.
In addition, individual constituent
contributions can overlap, and
intercorrelations and nonlinearity
can appear. Despite these phenom-
ena and difficulties, there are vari-
ous spectrometric methods that exist
in the literature.

Several authors have used NIR
for the determination of chemical and
physical properties of pulp samples.
Their work has used either absor-
bance measurements at one wave-
length (common linear regression)
or absorbance measurements at sev-
eral wavelengths (multiple linear re-
gression [MLR]). Published results
have shown the following analyses:

• Lignin, cellulose and hemicellu-
lose in fresh Sweetgum and
Lobolly pine using stepwise re-
gression (5)

• Yield and cellulose content in 14
different pine species (6)

• Hardwood and softwood content
in aspen and oak mixtures and
lignin in unbleached kraft pulp
mixed with cotton linters (7)

• Cellulose and lignin in mixed eu-
calypt species (8).
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ance (NMR,CP/MAS-NMR) CP/
MAS-NMR (3, 9), and  (Py-GC/MS)
(10) have had frequent application
in the chemical analysis of pulp
samples. These may have major dis-
advantages, however, including com-
plex datastructures that make it
difficult to extract the desired infor-
mation and in most cases sample pre-
treatment before analysis. This is
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I. Experimental conditions

Kappa Yield, Lignin, Glucose, Xylose, Uronic
number % w/w % w/w % w/w % w/w acid, % w/w

Mean value 51.5 63.8 10.6 60.0 22.6 2.2
Range 110–17.1 100–48.8 23.4–1.7 72.3–39.9 25.5–16.4 3.9–0.6

Effective Sulfidity, Digestion Time, ts, from start
Experimenta alkali, % % temperature, Ts, °C to reach Ts, min

Ab 17 40 170 100
B 17 40 170 100
C 17 25 170 100
D 24 30 170 100
E 17 40 155 85
Fc 17 40 170 53
G 17 40 170 53
R1 17 40 170 100
R2 17 40 170 100

a Experiments A-E started at 70°C with a temperature ramp of 1°C/min to simulate batch cooking, F-G started at 130°C with a ramp of
  approximately. 5°C/min to simulate continuous cooking.
b Digested with dried pulp (105°C)
c Digested with N2 at 5 bar.

II. Mean values and ranges of the chemical composition and physical measurements

1. NIR spectra of 46 pulps with spectra containing 351 data points (wavelengths)
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This method of modeling spectromet-
ric data has drawbacks. It does not
use the full information obtainable
from accessible data. Modern spec-
trometers yield a redundancy of
data—typically hundreds to thou-
sands of variables (wavelengths or
data points). The selection of wave-
lengths can be difficult, since the NIR
spectral data can have overlapping
peaks.

By using multivariate methods to
evaluate spectroscopic data, it is pos-
sible to select useful data to inter-
pret and model highly complex
spectra with overlapping peaks.
From the NIR domain of the spec-
trum, one can obtain information
from the bulk of the sample due to
the high penetration of the NIR
beam.

In a recent paper on multivariate
techniques, partial least-squares re-
gression (PLS) assessed information
from NIR spectra. The constituents
modeled were lignin, glucose, and
xylose in birch kraft pulp using ab-
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III. Sequence of pretreatments according to the factorial design

Model MSC K-M Derivative

1 On On On

2 Off On On

3 On Off On

4 Off Off On

5 On On Off

6 Off On Off

7 On Off Off

8 Off Off Off

2. Error surface as a function of MSEP, number of PLS-components, and number of
adjacent points in the derivative for the modeling of uronic acid
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sorbance values measured at 19 dif-
ferent wavelengths (2).

The purpose of the present study
was to develop a method to deter-
mine yield, kappa number, and con-
tent of lignin, glucose, xylose, and
uronic acid content from a single NIR
measurement on a pulp sample. Such
a method would assume prior cali-
bration and validation procedures on
previously characterized samples. To
evaluate the sensitivity of the
method, this study used pulp digested
under different conditions and re-
moved after different digestion
times. This pulp then underwent
washing, drying, and milling before
scanning with an NIR spectropho-
tometer. Measurement of absor-
bance values used 351 different
wavelengths for each sample. A cali-
bration model used the PLS algo-
rithm. This algorithm can handle
more variables (wavelengths) than
samples. A priori selection of ana-
lytical wavelengths was not neces-
sary. It was possible to model highly
interrelated data and some
nonlinearities occurring from wave-
length shifts in the spectra (11).

Experimental procedures

Samples of wood chips
Pure birch (Betula papyrifera) chips
stored for approximately 1.5 years
underwent drying to 94% on a dry
basis followed by sieving. The ac-
cepted fraction passed 28 mm round
holes and 6-mm slits but not 16-mm
round holes. Bark and twigs were
removed.

Digestion

Digestion of the chips used various
cooking conditions to simulate the
variability of an actual process di-
gestion. Table I provides the values
for the experimental conditions of
the program. Two batches, R1 and
R2, were identical to test reproduc-
ibility after full digestion, i.e. they
were not sampled during digestion.

The digesters were laboratory auto-
claves of 2.5-dm3 volume each hold-
ing 350 g of dry chips. The ratio of
wood to liquor was 1:4 in all experi-
ments. A polyethylene glycol bath
heated the digesters. Chip removal
from the filled autoclaves occurred
at consecutive times during the di-

gestion. Analysis of the produced
pulp provided values for yield, kappa
number, and amounts of lignin, glu-
cose, xylose, and uronic acid. Table
II provides the mean values and
ranges for the analyses of the 46
samples.
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Chemical analysis

Kappa number
SCAN-C 1:77 was the method to de-
termine kappa number using half the
specified sample amount. Determi-
nation used the ground (40 mesh)
samples.

Carbohydrates
Carbohydrate analysis used the
method of Theander and Westerlund
(12). This technique consists of hy-
drolysis of polysaccharides to
monosaccharides followed by lignin
determination, reduction of
monosaccharides with potassium
borohydride (KBH4), and acetylation
with acetic acid anhydride with sub-
sequent gas chromatographic (GC)
analysis.

The chromatographic determina-
tion used a 30 m x 0.32 mm (0.15 µm
film thickness) fused silica capillary
column in a gas chromatograph
equipped with an autoinjector and a
detector. All these items are com-
mercially available. The analysis was
isothermal at 210°C.

Lignin
Lignin determination was as dry
solid residue after hydrolysis. This
method provides a measurement of
the nonacidic-soluble lignin content
in the samples.

Experimental Ref. 5a Ref. 6b Ref. 7c Ref. 8d

r2:
   Yield 0.997 - 0.891 - -
   Kappa number 0.987 - - 0.932 -
   Lignin 0.995 0.815 - 0.973 0.704

MSEP:
   Yield 0.43 - 93.13 - -
   Kappa number 10.95 - - 142.44 -
   Lignin 0.34 86.08 - 12.47 93.54

aUsing 1680, 1908, 2040, and 2268 nm (or the closest) determined as best R2 for all 351 wavelengths.
bUsing 1680, 1940, 1980, 2100, and 2208 nm (or the closest).
cUsing second derivative, 11 points, second order polynomial. Using 1680 nm for kappa number and 2144 and 2180 nm for lignin.
dUsing 1680, 1722, 1818, and 2208 nm.

IV. Comparison of PLS models and previously reported MLR models

3. Error surface as a function of MSEP, number of PLS-components, and number of
adjacent points in the derivative for the modeling of lignin

Physical measurement

Yield
The samples of digested pulp under-
went washing with hot water for ap-
proximately 12 h, then oven drying

at 40°C to a constant dry-weight of
95%. Calculation of the dry content
provided a measurement for yield.
The low drying temperature pre-
vented carbohydrate decomposition.
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Uronic acid
Uronic acid analysis used the modi-
fied method of Bylund and
Donetzhuber (13). This consists of
boiling the pulp in hydriodic acid (HI)
and determining the difference in
conductance as the resulting carbon
dioxide reacts with sodium hydrox-
ide.

NIR measurements

The NIR data came from a commer-
cial infrared analyzer with a spec-
tral operating range between
1100–2500 nm in even intervals of 4
nm giving 351 wavelength measure-
ments. The samples underwent scan-
ning after drying and grinding.
Figure 1 shows the plots for NIR
measurements for 46 pulps. Each
individual spectrum contains 351
data points or wavelengths. Mea-
surement of diffuse reflectance data
in the figure was as apparent absor-
bance where absorbance equals the
logarithm of the reciprocal of the
reflected light (=transmittance)
Again the equipment used is
comercially available.

4. Plot of predicted vs. measured values for yield, r2 = 0.997 5. Plot of predicted vs. measured values for kappa number, r2 =
0.987SJOBERG/JULY FIG 4 X 20 Picas
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Data analysis

Linearizing transform
Diffuse reflectance spectrometry
does not fulfill the assumptions lead-
ing to Beer’s law. For NIR data, the

apparent absorbance does not cor-
relate linearly with concentration.
This is primarily due to light scatter
variation that depends on the physi-
cal dimensions of the sample. The
most common theories used to com-

V. Evaluation of the convolution derivative parameters showing the minimum MSEP and the
corresponding number of PLS-components and number of adjacent spectral points used in
the modeling

Polynomial order: second or third

PLS- No. of

components points in Minimum

in model derivative MSEP

Yield 15 19 55.08

Kappa number 10 7 1175

Lignin 15 25 26.94

Glucose 15 11 17.52

Xylose 15 9 22.81

Uronic acid 15 19 1.25
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pensate for this problem are the fol-
lowing:

• The Kubelka-Munk transform (K-
M) that takes absorption and scat-
ter into account (14)

• The multiplicative scatter correc-
tion (MSC) where each spectrum
undergoes “correction” in both
offset and slope by comparing it
to the mean spectrum of the total
data set (15)

• The second derivative of the spec-
tra that results in a transformed
spectrum consisting of only the
relative changes between adja-
cent wavelengths where peak in-
tensities of derivatized spectra
depend more linearly on the con-
centration (16).

Equation 1 shows the Kubelka-Munk
transform:

A
ik
 = (K/S)

ik
 = (1 – R

ik
)2/2R

ik
(1)

Equation 2 shows the MSC trans-
form:

A
ik
 = (R

ik
 – â

i
)/ b

∧
i

(2)

where
Aik = transformed absorbance

Rik = apparent absorbance

VI. Evaluation of the factorial design with the model numbers corresponding to that of Table III

PLS-
Model Model components
evaluation no. in model r2 RMSEP,% SEP MSEP

Yield 4 12 0.997 0.66 1.06 0.43
Kappa number 3 13 0.987 3.35 4.85 10.95
Lignin 7 9 0.995 0.59 0.68 0.34
Glucose 2 15 0.997 0.50 0.62 0.25
Xylose 5 15 0.949 0.47 0.64 0.22
Uronic acid 3 14 0.960 0.13 0.21 0.02

âi = least squares estimate of the
    intercept parameter

b
∧

i = least squares estimate of the

    slope parameter

i = the sample spectrum available
    (1, 2, . . ., 46)

k = the wavelengths available (1, 2,
    . . ., 351).

The second derivative is performed
with the Savitzky-Golay convolution
derivative (17).

Since most software packages
support these transforms and their
implementation is optional, their use
may be haphazard. The following
study established the best pretreat-
ment:

• A univariate study concerning
how the model error (MSEP) aris-
ing from the derivative depends
on three factors: the polynomial
order (second or third) of the func-
tion fitted to the spectral data,
the number of spectral points (5–
25 points) used in the polynomial
to calculate the derivative, and the
number of “PLS-components”
used in the predicting model.

• Using the best variable settings
in the derivative, a factorial de-
sign model (18) established the

optimal linearizing function or
combination of functions (K-M,
MSC, Derivative). This minimized
the prediction errors from the
modeling of the data. The facto-
rial designs have modeled the dif-
ferent linearization transforms as
variables at an on or off state.
The design is a full 23 design seen
in Table III. There was separate
performance of this methodology
for each pulp descriptor.

Calculation of the mean squared
error of prediction (MSEP) as a
function of the number of latent
variables kept in the PLS model
provided an evaluation of the in-
fluences of the different lineariz-
ing functions. The linearizing
functions that yielded the small-
est MSEP for the different de-
scriptors were put in the
subsequent PLS model. Equation
3 shows the calculation for MSEP:

               MSEP = 1n ∑
i = 1

n
 ( c∧  

i
 -  c

i)
2

          (3)

where
n = the number of samples (46)

c∧ i = modeled descriptor value

ci = the traditionally measured de-
    scriptor value
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i = the sample number (1, 2, . . .,
     46).

Mathematical modeling
This work has used commercial soft-
ware throughout for the numerical
calculations (20). The PLS-algorithm
used for modeling the relationships
between the spectra and descriptors
is a customized function based on
the NIPALS-algorithm(21). The
PLS-algorithm falls under the prin-
cipal components type of modeling
described in detail by Geladi et al.
(22).

The following is one definition of
principal components technique.
“Principal component analysis (is) a
mathematical procedure for resolv-
ing sets of data into orthogonal com-
ponents whose linear combinations
approximate the original data to any
desired degree of accuracy. As suc-
cessive components are calculated,
each component accounts for the
maximum amount of residual vari-
ance in the set of data. In spectros-
copy, the data are usually spectra,
and the number of components are
smaller than or equal to the number
of variables or the number of spec-
tra, whichever is less” (23).

All models have one descriptor
correlated to the spectral data
(PLS1). The convergence criterion
for establishing the inner relations
was 1 x 10-10 or 100 iterations, which-
ever occurred first. The method for
establishing the significant number
of PLS-components was cross-vali-
dation (24) (Jack-knifing) with one
sample omitted. The predicted
samples are not in the modeling set.
The descriptor values were mean-
centered and scaled to unit variance
before modeling (autoscaling or z-
transform).

There was a comparison of the
different suggested mathematical
models. The correlation was with
PLS using the full data-set to MLR
at the wavelengths suggested by
Schultz et al., Wright et al., Easty et
al., and Garbutt et al. (5–8). Table
IV shows the results where appli-
cable.

Results and discussion

The method does not seem sensitive
to different digestion conditions,
since no systematic prediction er-
rors occur. The evaluation of the
MSEP to establish the polynomial
order and number of points resulted
in the two types of error surfaces of

Figs. 2 and 3. The error surface of
Fig. 2 resembles that of the model-
ing for yield, glucose, and xylose.
Table V lists the number of points
for the minimum MSEP and the cor-
responding MSEP values. Note that
second and third order polynomials
yielded identical results.

Table VI shows the results from
the modeling with the best lineariz-
ing function or functions for the dif-
ferent descriptors with the
correlation coefficient (r2) (25), stan-
dard error of prediction (SEP), root
mean squared error of prediction
(RMSEP), and MSEP values. Equa-
tions 4 and 5 show the calculations
for SEP and RMSEP respectively:

SEP = {[(n – 1)-1 ∑
i = 1

n

[c∧  – c
i
 – (c∧  – c)]2} 1/2(4)

RMSEP = (MSEP)1/2 (5)

Figures 4–9 show plots of the mea-
sured vs. modeled values for the dif-
ferent descriptors with a 90%
confidence interval for the predic-
tion (dispersion bands).

The results of the (univariate) de-
rivative linearization study shown in
Table III indicate that the order of
polynomial (second or third) has no
apparent significance. This is due to

7. Plot of predicted vs. measured values for glucose, r2 = 0.9976. Plot of predicted vs. measured values for lignin, r2 = 0.995
SJOBERG/JULY FIG 6 X 20 Picas
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the very smooth and noise-free spec-
tra obtained. The fitted mathemati-
cal function does not have to be of an
order higher than two.

The number of spectral points
used in the derivative necessary for
an “optimal” model will generally
increase with model complexity. A
model with many (10–15) principal
components gains from many points
(13–25) as Figs. 2 and 3 indicate.
This is probably related to noise re-
duction of the models’ loadings that
contain the critical information in the
prediction step.

The evaluation of the different lin-
earization sequences implies that
there is no apparent “best” combi-
nation of linearizations in a general
sense. The improvement of using the
“optimal” pretreatment sequence
shown in Figs. 4–9 for this data set
ranges from 19–240% calculated for
the MSEP compared to using raw
data. One should also bear in mind
that the “optimal” sequence will de-
pend on the type of spectral data
(26). It therefore is possible to con-
clude that the linearization of the
spectral data is crucial to model per-
formance.

The comparison between the mod-
els suggests that the PLS-model has

an increased predictability compared
to MLR. The PLS-model also has
built-in self-diagnostics to check
whether an unknown spectrum be-
longs to the model. This is often im-
portant, since extrapolation of the
models (PLS and MLR) due to un-
known interferences, instrumental
errors, or unusually high or low con-
centration can result in large erro-
neous results.

An interesting result is that it is
possible to measure lignin accurately
at high concentrations where the
kappa number determination is less
accurate. This suggests that the pro-
posed spectrometric method would
be a more accurate method to deter-
mine lignin content. Another inter-
esting result is the prediction of
yield. This is traditionally a physical
descriptor measured by gravimetric
measurement of samples.

Conclusions

The method proposed in this paper
can replace the traditional methods
of analysis for yield, kappa number,
and levels of lignin, glucose, xylose,
and uronic acid content in birch kraft
pulp. The PLS-model is more rigid
and accurate than the previously pro-

posed MLR-model. The method does
not seem sensitive to different di-
gestion conditions. The linearization
procedure of the spectral data af-
fects the model performance. An ob-
vious advantage to the method is that
the time needed for the NIR analy-
sis and subsequent prediction step
is about one minute with a standard
spectrophotometer. TJ
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