PEER-REVIEWED KAPPA MEASUREMENT

Determination of kappa number reduction
in pulp and COD in bleach plant effluents
using multiwavelength spectrometry
and multivariate calibration
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ABSTRACT: We propose a method for the simultaneous determination of kappa number reduction in
pulp over a bleaching stage and chemical oxygen demand (COD) in bleach plant effluents, using multiwave-
length spectrometry on the effluent and multivariate calibration. A model for kappa number reduction, based
on ultraviolet (UV) spectra from a flow system, gave a mean prediction error of 0.24 K units. Models for COD

gave relative errors of 2.8%-
measurements),
reference measurements.

3.7% and 6%-8%, for the UV and visible/near infrared region (manual
respectively. These prediction errors are similar to those expected from the manual

Application: The proposed test method could easily be adapted to on-line monitoring of the kappa

number reduction in a pulp mill.

everal parameters are used to charac-
Sterize the pulp quality, one of those
being remaining lignin content. The most
commonly used method to estimate this
parameter is the kappa number (k).
During bleaching, the lignin is partially
degraded into water-soluble organic
material and thus, ¥ decreases.

There is, however, no direct relation-
ship between the lignin content of the
pulp and « [1].The classical method for
determining the kappa number in pulp is
operationally defined and laborious [2].
Further, recent studies suggest that it
overestimates the lignin content in pulp
[3].Alternative spectroscopic methods for
determining the lignin content in pulp
have been proposed, using e.g. ultravio-
let/visible (UV/Vis) spectroscopy [4],
Fourier transform infrared spectroscopy
(FTIR) [5, 6], near infrared spectroscopy
(NIR) [6-9], and *C nuclear magnetic res-
onance spectroscopy (NMR) [6].

An alternative method to determine
the lignin content of pulp could be to
estimate the kappa number reduction
over a bleaching stage, by correlating the
spectral information from the dissolved
organic material in the bleach plant efflu-
ent with the kappa number reduction.
Such indirect methods have been pro-
posed for estimating x in pulp, by means
of measurements of the UV [10] or FTIR
[11] absorbance of black liquor at specif-
ic wavelengths, or its total organic carbon
(TOC) content [12]. These studies, how-
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ever, only used laboratory samples and
calibrations based on absorbances at sin-
gle wavelengths, which are likely to make
the methods sensitive to interferences. In
addition, some of these results have been
difficult to repeat with the same degree
of confidence [7].

Spectroscopic measurements of the
effluents may also make it possible to
simultaneously determine the chemical
oxygen demand (COD), an important
environmental parameter, and other
parameters, such as the concentrations of
sugars.

The purpose of this study was to find
out whether it is possible to characterize
the organic content in bleach plant efflu-
ents and predict the kappa number
reduction in pulp and COD in the efflu-
ent, using a combination of multiwave-
length spectrometric measurements and
multivariate calibration. The study used
laboratory samples, as well as samples
obtained from a full-scale bleach plant at
a Swedish kraft pulp mill. The suggested
method has great potential of being fur-
ther developed into an on-line method.

MATERIALS AND METHODS
Samples

We included three groups of samples in
this study: one sample set bleached at the
laboratory (denoted laboratory samples,
LS) and two sets of samples taken from a
full-scale production plant (denoted plant
samples, PS1 and PS2, respectively).

LS consists of about 100 pulp samples,
bleached according to an experimental
plan including 1-5 bleaching stages, and
their corresponding bleach effluents. The
bleaching procedures of the samples
were denoted D, D[EO(P)], D[EO(P)]D,
D[EOP)ID[EP)], DIEO(P)ID[E(P)]D, indi-
cating which bleaching stages were
included. The step in rounded brackets
was optional and samples with and with-
out the (P) step were included. We meas-
ured the bleach effluents with UV spec-
trometry and determined the kappa num-
ber for the corresponding pulp samples.

Each of the sample sets PS1 and PS2
consists of 60 samples of bleach plant
effluents. Each set constitutes two subsets
of 30 samples from two different bleach-
ing stages, DO and E1.The DO subsets are
marked with an A, while the E1 subsets
are marked with a B, so that the part of
the PS1 set coming from the DO bleaching
stage is denoted PS1A, and so on.

We obtained PS1 and PS2 samples
from the same locations in the same
plant, but the PS2 set was collected
approximately 6 months after PS1. We
measured the samples with spectrometry
in the UV range (PS1) and the Vis/NIR
range (PS2), respectively. The kappa num-
ber was determined for the correspon-
ding pulp samples of PS1, while COD was
determined on bleach effluents from both
PS1 and PS2.The samples were frozen and
stored at -18°C (~0°F) in 50 or 100 ml
polyethylene containers until analysis.



Reference analysis
Kappa number was determined accord-
ing to SCAN C1:77 [1], while COD was
determined with the ISO 6060-1989
method.
UV measurements

Preliminary experiments performed on
laboratory samples showed that the
absorbances in the UV range, using an
optical path length of 10 mm, were
extremely high. Dilution of the samples
was impractical; it also changed the pH
values of the samples and thus, the
absorbances. For these reasons, we devel-
oped a flow system (Fig. 1) that made it
possible to perform the measurements
directly on undiluted samples. The sam-
ples were pumped by means of a peri-
staltic pump (Gilson Minipuls 2) at a
speed of 2.4 ml min" and filtered on-line
through a 45 pm filter. They were then
transported to a Spectra Focus Optical
Scanning Detector (Spectra-Physics),
equipped with a fused silica capillary
with an inner diameter of 0.53 mm as the
flow through cell. Measurements were
made directly across the capillary, on
which a 10 mm long window had been
obtained, by burning off the polymer
coating. We used a spectral operating
range between 200 and 360 nm, in even
intervals of 2 nm. The absorbance data
obtained were transferred to a computer
equipped with the Autolab Software
(Spectra-Physics).

Vis/NIR measurements
For the PS2 sample set, Vis/NIR transmis-
sion measurements in the range 400-
2500 nm were carried out in a 10 mm
cuvette using a NIRSystems 6500 spec-
trometer (Foss NIRSystems, Silver Spring,
Maryland, USA). Due to low light
throughput, the signal above 1800 nm
was very noisy in all spectra. Therefore,
we did not use the 1800-2500 nm range
in the multivariate modeling.
Spectral pretreatment

Particles in samples can cause “non-
chemical” spectral shifts due to light scat-
tering. Before multivariate calibration of
NIR spectra, it is often beneficial to
reduce or remove such effects by spec-
tral pretreatment, since the effects are
generally not related to the response(s)
modeled. Commonly applied spectral
pretreatment techniques for this purpose
are multiplicative scatter correction
(MSCO) [13] and first or second derivative
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filters [14]. In this study, we applied MSC
to both UV and Vis/NIR spectra for this
purpose.

Software
All computations were performed with
the computer programs Simca-S for
Windows 5.0 (Umetrics, Sweden), the
Unscrambler (versions 6.11b and 7.5,
CAMO, Norway) and MATLAB 4.2¢ (Math
Works, Inc., Natick, Massachusetts, USA)
equipped with Barry Wise’s “PLS
Toolbox” (Eigenvector Technologies,
Manson, Washington, USA).

Multivariate modeling
In this work, we used the multivariate
techniques principal component analy-
sis (PCA) and partial least squares
regression (PLS), with which the vast
information in multivariate (spectroscop-
ic) data can be compressed to a few so-
called “latent variables” that explain most
of the variance in the original data.The
general purposes of the techniques are to
simplify the interpretation of the original
data (PCA) and to find relationships
between spectral data and chemical
information (PLS) by reducing the num-
ber of variables and eliminating the
collinearities common in spectra. These
techniques have been more closely
described by Martens and Naes [15]. For
validating the models, we used cross vali-
dation [15], with leave-one-out segmenta-
tion, if not otherwise stated. We also vali-
dated a few models with external test
sets, the samples of which had not been
present in the calibration sets. The pre-
diction errors of the models were esti-
mated with the root mean square error
of prediction (RMSEP), as defined in
equation (1) [16]

|2(ij - J",-)l
RMSEP = 1[4 ——
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vxhere

y = The value of sample 7, predicted
with the model

y, = the reference value of sample 7

N = the number of samples in the
calibration or prediction set.

RESULTS AND DISCUSSION
Sample handling
Since sampling and reference analyses
were carried out at one site and spectral
measurements at another, the samples
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1. The flow system used for recording
UV spectra: (a) the flow system set-
up; (b) an enlargement of the fused
silica capillary used as the flow
through cell.

were frozen and stored at -18°C (~0°F).
To ensure that freezing and thawing did
not have any significant effect on the
spectral information, we compared the
spectra of fresh samples with those of
frozen and thawed ones and found no
significant differences. Nor did storage at
room temperature for up to four days
have any significant effect on the
spectra.
Linearity of the UV
measurements

A common problem when applying
spectrometric methods in the UV/Vis
range to industrial samples is the
extremely high absorbances obtained.
This may lead to non-linear responses,
which complicate calibration.The princi-
pal solutions to this problem include the
following:

1. dilute the samples

2. use a sufficiently short optical path
length to avoid non-linear responses

3. leave out or down-weigh spectral
regions with highly non-linear
responses

4. mathematically transform the
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2. Classification of samples with PCA, based on UV spectra
of bleach effluents from the laboratory study. Clusters in
the scores plot correspond well with the different bleach-
ing stages in the process. Ellipses only mark the group-
ings, they do not indicate statistically significant classes.
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4. Prediction of Ax, using a cross-validated PLS model with
3 PLS components, and leave one out cross validation.

spectral data into linear data that could be handled with
linear calibration models

5. apply non-linear multivariate
calibration models.

For this study, we used the first three methods.

With the flow system including on-line filtration and an opti-
cal path length of 0.5 mm, the maximum absorbances obtained
were below 1.7 absorbance units (a.u.). Linearity tests of the
measuring system using synthetic solutions of ascorbic acid
showed a linear response up to about 1.7 a.u.The on-line filtra-
tion had no significant effect on the absorbances, but made the
measurements more repeatable.The relative standard deviations
for four consecutive measurements on the same sample were
0.1%-1.0%, varying with the amplitude of the signal at different
wavelengths.

Modeling Ax
Choice of response parameter. The content of dissolved organ-
ic matter in the effluents of a given bleaching step relates to
how much lignin was dissolved from the pulp during that step.
There should, therefore, be a relationship between the spectral
information obtained from the aqueous phase and the differ-

18 TAPPI JOURNAL JANUARY 2003

PREDICTED VALUES

-0.5 T T T T T T T T
0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5

REFERENCE VALUES

3. Prediction of Ak, using a cross-validated PLS model with
6 PLS components. Data pre-treatment: Mean centring.
Solid line denotes slope 1.0. Model characteristics: RMSEP
=0.24; ¥ = 0.98.

ence in kappa number over a bleaching step.We call this differ-
ence ‘kappa number reduction’ (Ak =k -k ).

n out

Laboratory bleached samples
A feasibility study, using diluted samples and spectra obtained
with a 10 mm cuvette showed that the idea of predicting the
kappa number reduction from UV spectra of bleach plant efflu-
ents was promising.A more thorough study, including both sam-
ples from a bleach plant of a Swedish kraft pulp mill and labo-
ratory bleached samples, was performed, using the flow system
described earlier. We applied principal component analysis to
the UV spectra of the bleach plant effluents. The samples
grouped into clusters that correspond well to the bleaching
stages from which the samples originated (Fig. 2). Based on this
classification, samples belonging to the bleaching stages D and
D[EO(P)] were excluded from the quantitative PLS models; the
rest were included in the calibration model. This selection of
samples improved the quality of the models dramatically.

Figure 3 shows the correlation between values predicted
with a typical PLS model using six PLS components and corre-
sponding values obtained with the standard reference method
on laboratory samples. The agreement between the two meth-
ods proved to be good, with a high correlation coefficient (r) for
the regression line (r=0.99), a slope not significantly different
from 1.0, and an intercept very close to 0.The prediction error
(RMSEP) of the model was 0.24 k units. We also tested this
model with external test sets. It showed high stability and good
prediction ability (data not shown).

Plant samples 1
Figure 4 shows the correlation between the reference values of
kappa number reduction and the values predicted with a PLS
model using three PLS components, for samples obtained from
a Swedish kraft pulp mill. The agreement is slightly worse than
for the models based on laboratory samples.The main reason for
this is probably the limited range of the Ax in this sample set,
which makes calibration difficult. It is thus clear that efforts
should be made to extend the range of Ak covered by the cali-
bration set.
Modeling COD

UV measurements. Principal component analysis of UV spectra
from the PS1 sample set shows that two principal components



(PCs) are sufficient for explaining 99.9% of the variance in both
PS1A and PS1B when these are modeled separately. The amount
of variance explained by two PCs is somewhat lower for the
combined data sets. Scores from this combined PCA model
show that the samples are grouped with respect to sampling
location, ie. bleaching stage. The grouping indicates that it
might be beneficial to treat the subsets separately, also in the cal-
ibration of COD.

For the PS1 sample set, measured in the UV range, the
approximate range of COD values are 1000-1500 for the DO
samples (PS1A) and 1500-3000 for the E1 samples (PS1B). We
removed two samples, one each from PS1A and PS1B, due to
obviously erroneous COD determinations, leaving 29 samples in
each subset.

Table I shows data for three calibration models developed
for the UV spectra from the PS1 sample set.The prediction error
(as RMSEP) and the number of PLS components were deter-
mined by leave-one-out cross validation. For subset A, one PLS
component is sufficient for satisfactory prediction of COD,
while subset B requires two PLS components. The prediction
error is higher for the model for subset B, but the COD range is
approximately three times wider for subset B than for subset A,
hence the higher correlation for the subset B model. As indicat-
ed by the PCA analysis of the spectral data, a higher model com-
plexity is required when subsets A and B are modeled together.
The performance of the model in terms of prediction error is
similar to that of the models developed for the separate subsets
(see Fig. 5).

All calibration models described above are built using the full
spectral range of the data, 7.e. 200-360 nm.The predictive ability
of the models decreases slightly if data from wavelengths in the
region 280-360 nm is removed. If data from the low wavelength
region is removed on the other hand, a larger decrease in pre-
dictive ability is observed, indicating that this region is impor-
tant for the prediction of COD from UV data.

Vis/NIR measurements

Vis/NIR measurements were carried out for the PS2 sample set.
As for PS1, this sample set consists of two subsets of 30 samples
each. Figure 6 shows the spectra from subset PS2A. The COD
range is larger for subset B (samples from the E1 bleaching
stage) than for subset A from the DO stage. COD lies between
1000 and 2000 for subset A and between 1500 and 3000 for sub-
set B, except for the extreme sample PS2B-2 that has a COD
value of 5500.We removed this sample as an outlier in all mod-
els discussed below.

PCA of the spectral data reveals that the Vis/NIR data has a
significantly higher complexity than the UV data discussed
above. A large number of principal components are needed to
describe the major part of the variance in the data.As for the UV
spectra from PS1, a grouping is visible in scores when PCA is
applied to Vis/NIR spectra from both subsets of PS2 simultane-
ously.

If only the Vis range (400-700 nm) is studied, the complexity
of the data is lower, but still higher than for the UV data. The
higher complexity might result from factors in addition to the
different spectral ranges. Samples studied with UV and Vis/NIR
spectroscopy were not exactly the same. Although separated in
time, PS1 and PS2 samples did come from the same locations in
the same plant and should thus be similar in composition. In
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SUBSETS PLS COMP.? RMSEP @ re

A 1 46.7 0.940
B 2 62.8 0.992
A+B 3 58.6 0.996

a Determined by leave-one-out cross validation
b Correlation between measured and predicted COD.

I. PLS calibration models for COD in the PS1 sample set
from UV spectra. One sample from each subset was
removed in all models.
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5. Predicted vs. measured COD values for the PLS model
built on UV spectra from subsets PS1A and PS1B, see
Table I.
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6. Vis/NIR spectra from subset PS2A.

addition, a higher complexity of spectral data in the NIR region
can be expected, since more chemical species absorb radiation
in this region as compared to the UV range. This also indicates
that more information might be extracted from the spectral
data. Results of investigations aiming at predicting the concen-
trations of specific groups of organic species in the samples that
contribute to COD (sugars and fatty acids) indicate that this is a
difficult task.

Table I lists PLS calibration models developed for the PS2
spectral data. Prediction of COD is possible, but the prediction
errors are higher in all cases than for the UV calibration models
previously discussed. When the subsets are modeled separately,
more PLS components are needed for subset A than for subset
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RANGE PLS

SUBSETS MSC [nm] OUTLIERS @ COMP."* RMSEP ® Re

A no 400-700 3 3 135 0.74
yes 400-1800 4 7 120 0.74
yes 400-700 5 5 122 0.84

B no 400-1800 4 2 142 0.88
no 400-700 4 1 143 0.88
yes 400-1800 4 1 140 0.88
yes 400-700 4 1 144 0.88

A+B no 400-1800 7 5 157 0.94
no 400-700 7 5 135 0.96
yes 400-1800 7 2 152 0.95
yes 400-700 6 5 146 0.96

a Number of samples that were removed from the calibration as outliers.

b Determined by leave-one-out cross validation.

¢ Correlation between measured and predicted COD.

Il.PLS calibration models for COD in the PS2 sample set from Vis/NIR spectra.

B, which only requires one component if
MSC pre-treatment is used. When both
subsets are modeled simultaneously,
slightly higher prediction errors are
obtained than for separate subset models.

The selection of spectral range and
whether or not MSC pre-treatment is
used has some effect on predictive ability,
but no firm conclusions can be drawn
from this investigation on the optimal
choice of range and pre-treatment. The
results do, however, indicate that the Vis
region contains the most information on
COD. When only the NIR range (700-
1800 nm) is used, the predictive ability is
significantly lower than for all models in
Table II.

Sources of error
A possible source of error in multivariate
calibration is the quality of the reference
values. Many manual methods are fairly
imprecise.The standard method for meas-
uring kappa number has a reasonable
average repeatability (relative standard
deviation, RSD ~3.8%) for kappa numbers
between 10 and 20, and a good repeata-
bility (RSD ~1.2%) for kappa numbers
between 20 and 190 [2]. In our laborato-
ry study, the measured kappa numbers
(before calculating Ak) were below 6, for
the samples included in the model. In
addition, taking the difference between
two reference values when calculating Ak
will increase the error (by a factor of \/2).
Thus, it is reasonable to assume that the
precision of the reference analyses is lim-
ited, Z.e. an RSD around 4% or greater,
which is in the same range as the RMSEPs
found in Figs. 3 and 4.

The models proposed for COD deter-
mination also yield prediction errors in
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the same range as the precision of the
reference method (COD_), which in a
recent Swedish intercalibration was esti-
mated to be 6%-8% [17]. Lower RMSEP
values than the precision of the refer-
ence method should not be expected in
a multivariate calibration. This does not
imply, however, that the precision of the
multivariate method is limited to that of
the reference method [18].

The analytical performance of both
Ax and COD measurements based on
spectroscopy and multivariate models
are thus similar to those of the corre-
sponding manual reference methods.
However, the measurement system is
very stable and in a given process situa-
tion, it should be possible to detect even
very small changes in those parameters.

Apart from the errors in the reference
analyses, it is essential that the bleach
plant effluents investigated can be cor-
rectly assigned to certain portions of
pulp. In laboratory milieu, the samples
are carefully rinsed between two bleach-
ing stages and no real problems are envi-
sioned. In a production plant the correct
assignment of a portion of filtrate to a
pulp sample is more difficult due to
carry-over of filtrate with the pulp from
the previous stage.

Applicability
An interesting question is whether the
proposed methods can be applied to on-
line analysis within a pulp mill. Using the
flow system described, we have mini-
mized the manual work involved in the
measuring procedure. A critical point,
however, may be whether the narrow
fused silica capillary (d=0.53 mm) is
usable for on-line analysis. Even though

the capillary is narrow, the manifold does
not contain any sharp bends that would
increase the risk of clogging. In order to
minimize this risk, we used on-line filtra-
tion through a rather crude filter (45
um). These precautions have been suffi-
cient for the samples we have studied
and the filter lasted for quite some time
(a single filter was used during the whole
study on laboratory samples). If neces-
sary, it is probably possible to insert an
even cruder filter. Whether this would be
sufficient for on-line monitoring in full-
scale pulp production needs to be tested.

CONCLUSIONS

The kappa number reduction in pulp can
be successfully predicted, using a combi-
nation of spectral information from the
aqueous phase of bleach plant effluents
and multivariate statistical models. A
rapid, easy to handle flow system that
includes sample preparation, requires
small sample volumes and gives repeat-
able results will facilitate measurements.
Determination of COD in bleaching efflu-
ents from spectroscopic measurements
and multivariate calibration is feasible.
UV spectroscopy seems superior to the
Vis/NIR range for this purpose, giving
estimated prediction errors of approxi-
mately 60 COD units. Further investiga-
tions are needed to decide whether it is
advantageous to model the different
bleaching stages separately or to build
one model covering samples from sever-
al stages. Our investigations show no sig-
nificant difference in performance.

In order to use the proposed method
for on-line monitoring of the kappa num-
ber in a pulp mill, the flow system must
be tested on-line, to confirm that it is
robust enough to monitor real samples
for a longer period of time. Clogging of
the optical cell might be a problem, even
though that is not our experience. TJ
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INSIGHTS FROM THE AUTHORS

During the last decade or so, on-line analysis has
become an important tool for increasing efficiency in
pulp mills both in R&D and in production-scale mill
operations. Since our research has focused on
process analytical chemistry since the early 1990s,
this area of application seemed a natural choice for
further study.

This work is related to our previous work on vari-
ous aspects of sulfide chemistry during kraft cooks
and the production of polysulfides. Although not
directly linked, the analytical systems developed all
facilitate direct on-line control of important parts of
a pulp mill.

Initially we expected problems with the fibers
occurring in the samples. Varying fiber loads could
easily make complicated filtration systems neces-
sary. However, it turned out that a simple coarse fil-
tration was sufficient for the .
samples we tested. A very
simple and straight flow path
eliminated most possibilities
for capture of flowing debris
that could lead to clogging.

One of the more surprising :
discoveries of our study was

Ren

A

berg

the ruggedness of the spectroscopic sampling sys-
tem. The capillary without cladding is very fragile,
but in the holder in the spectrophotometer, it is
rugged. The original capillary is still in use several
years after it was first inserted.

The most direct benefit for mills is probably that
the system can substantially ease process develop-
ment in pilot plants or in the lab. However, the sys-
tem is rugged enough for use in production should
there be a reason to do so.

—Lars-Goran Danielsson
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