PEER REVIEWED

Kraft-liquor alkali analysis using
near-infrared spectroscopy

SRINIVASAN VANCHINATHAN, SEETHA ANANTH, JOHN M. JARVIS,

AND GOPAL A. KRISHNAGOPALAN

HE KRAFT PROCESS—THE MOST
widely  used pulping
process in the world—Iiber-
ates cellulose fibers from

the wood matrix by reacting chips
with white liquor, which is an aque-
ous solution of sodium hydroxide,
sodium sulfide, and sodium carbon-
ate. The key reacting components in
this process are hydroxide and
hydrosulfide ions, and their concen-
tration has a major effect on the rate
of pulping. Though the presence of
dead-load chemicals such as sodium
carbonate in the white liquor has no
direct effect on pulping, an increase
in their amount can result in
increased energy consumption, scal-
ing, and chemical loss.

On-line measurement of white-
liquor alkali concentration is impor-
tant to produce a uniform pulp qual-
ity and for stable digester operation.
Knowledge of green-liquor alkali
concentration, on the other hand, is
useful in causticizing control. The
liquor alkali concentration is usually
expressed in terms of effective alkali
(EA), which is sodium hydroxide
plus one-half sodium sulfide, all con-
centrations expressed as Na,O equiv-
alent.

Kraft-liquor alkali analysis by the
“ABC” method involves titrating the
liquor with HCI using a glass pH
electrode. However, the time delay
associated with this technique
makes it unsuitable for on-line moni-
toring and control applications, and
it can only be used for periodic
checks of plant operation. Instead,
many mills use conductivity sensors
to determine white-liquor alkali con-
centration on-line (1). The disadvan-

tage of the conductivity-measure-
ment techniques is that the concen-
trations of sodium carbonate and
sodium sulfate in the liquor, when
they exceed a certain limit, con-
tribute to the conductivity and result
in an inaccurate measurement.
Hence conductivity is unsuitable for
direct measurement of alkali in green
liquor.

To circumvent such problems,
methods involving detectors other
than conductivity have been devel-
oped. These involve mixing the
white liquor with an indicator solu-
tion and then determining effective
alkali colorimetrically. Though these
methods have the advantage of being
alkali specific, they also have disad-
vantages such as longer time delays
involved in the analysis and complex
equipment requiring frequent main-
tenance.

Consequently, a noninvasive anal-
ysis would be preferable for continu-
ous industrial service. One such
approach is to use near-infrared
(NIR) spectroscopy in the wave-
length region 1100-2200 nm. Early
uses of NIR spectroscopy include the
measurement of water, protein,
lipids, and other components of agri-
cultural products (2). The NIR tech-
nique has the following advantages:

e Measurements can be made
remotely through the use of fiber-
optic cables.

< NIR analyzer has no moving
parts, thus making it extremely
reliable.

< Signal-to-noise ratios are very
high.

LIQUOR ANALYSIS

of individual components to signal
intensities at different wavelengths.
The study also investigated the inter-
action of sodium sulfide on the pre-
diction accuracy of sodium hydroxide
in the liquor.The results show that
the spectrometer can be calibrated to
measure either the sodium hydroxide
or effective-alkali concentration with
equal predictive ability. Moreover, the
multivariate analysis method devel-
oped can determine hydroxide con-
centration in the presence of Na,S
and Na,CO,. The proposed method
can be used in on-line process moni-
toring and control applications.

Application:

This information provides a method
for on-line measurement and control
of kraft liquor content.

NIR absorbance methods for
measuring caustic solutions have
been reported in the literature (3,
4). They all reported good predic-
tion abilities for sodium hydroxide
concentrations in the presence of
contaminating carbonate and chlo-
ride ions. In the present work, the
investigation focuses on the determi-
nation of individual component con-
centrations in kraft liquors using NIR
analysis.

EXPERIMENTAL
Parent-stock solutions were pre-
pared on a mass basis using analyti-
cal-grade chemical reagents and dis-
tilled water. The actual concentra-
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1. Signal intensity of NaOH, Na,S, and Na,CO, dissolved in
water in the near-infrared region (overlaid spectra)

tions were determined by titration.
Twenty different sample solutions
containing NaOH, Na,$, and Na,CO,
were prepared from the respective
parent-stock solutions by diluting
with an appropriate amount of
water. To ensure accurate concentra-
tion data, the mass of reagent and the
mass of water were recorded to four
significant figures. The sodium
hydroxide concentration in the solu-
tion was varied between zero and
13%, and sodium sulfide and sodium
carbonate concentrations were each
varied between zero and 9%. These
concentrations span the kraft-liquor
range encountered in the industry.

The first step in developing a
guantitative procedure using NIR is
to calibrate the spectrometer by per-
forming measurements on the so-
called “calibration set” The final step
is to test the ability of the calibration
to predict the composition of
another sample population called
the “confirmation set”

The sample solutions were
scanned in a multiple-component lig-
uid process analyzer (Rosemount
MLA 8100) capable of scanning
between 1100-2200 nm. The signal
transmission between the source
and the sample cell is provided
through fiber-optic cables. The sam-
ple cell was an optic flow-through
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coupler with a path length of 3 mm
and was maintained at 20x1°C
throughout the experiments. The
sample cell was emptied of the pre-
vious sample before it was rinsed
and loaded with the next sample.
The spectral data were collected in a
microcomputer as the logarithm of
signal intensities [log I(1)] at differ-
ent wavelengths. Multiple scans
were collected for each sample and
were included in calibration and pre-
diction.

RESULTS AND DISCUSSION
The overlaid spectra of 14 samples
of sodium hydroxide, sodium sulfide,
and sodium carbonate are presented
in Figs. 1 and 2. Figure 1 shows the
variation in the logarithm of signal
intensity at different wavelengths
obtained from aqueous solutions
containing all three sodium salts. The
log I(l) spectra can be converted to
corresponding absorbance spectra
by subtracting them from a refer-
ence spectrum such as air. The
absorbance spectra of the sodium
salts referenced to air are presented
in Fig. 2. Both figures show that a
change in the concentration of
sodium salts changes the shape of
the band between 1389 nm and
1845 nm. It is also apparent that
there are no distinct absorbance

2. Near-infrared spectra of NaOH, Na,S, and Na,CO, dissolved
in water referenced to air (overlaid spectra)

peaks for all of the ions present in
the system. However, multivariate
analysis established a correlation
between the signal intensities at sev-
eral wavelengths and concentration
of the salts. Such an analysis was
possible because of the variation in
the shape and positions in the NIR
spectrum of water.

DATA ANALYSIS

Partial least-squares (PLS) regression
analysis was used to correlate the
signal intensities to the concentra-
tions of individual components. A
chemometric software package
(PLSplus, Galactic Industries Corp.)
was used in the analysis. Since the
conversion of signal-intensity spec-
tra into absorbance spectra involves
only a simple transformation, it
makes no difference whether
absorbance values or signal intensi-
ties at different wavelengths are used
in developing the calibration model.
The differences in the scale are
absorbed into the PLS model itself. In
this study, the signal-intensity values
obtained from the spectrometer
were directly used in building the
calibration model. The advantage of
this approach is that it directly pro-
vides concentration values from sig-
nal intensities without having to con-
vert the data to absorbance scale.
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3. Regression coefficient vs. wavelength for NaOH

The spectral region of interest for
PLS analysis was chosen by perform-
ing a multilinear regression on the
sample spectra covering the entire
spectral range. Figure 3 is a plot of r?
(the square of the correlation coeffi-
cient) against the wavelength for the
sodium hydroxide concentration.
The region of high correlation is rep-
resented by values close to 1.0 and is
found to lie between 1575-1839 nm
(5).

The PLS analysis was performed
on mean-centered data in the spec-
tral region of interest, and the opti-
mum number of independent vari-
ables (signal intensity values at dif-
ferent wavelengths) was determined
from a PRESS (prediction residual
error sum of squares) plot. The
PRESS plot for liquor alkali concen-
tration is presented in Fig. 4. As can
be seen from this plot, the optimum
number of factors for the calibration
model is five, and the prediction
error increases above this number
because of the introduction of noise
and overfitting of the model. In an
ideal situation, a three-component
system would require only three fac-
tors for quantification. In the present
study, the PLS model required five

4. Prediction residual error sum of squares (PRESS) vs. number of

factors for calibration set

factors, suggesting that the data con-
tain an interaction effect and/or non-
linearity.

DETERMINATION OF SODIUM
HYDROXIDE

Inorganic solutes modify the NIR
spectrum of water in which they are
dissolved. This change in the spec-
trum is believed to be due to a
change in the proportions of the var-
ious hydrogen-bonded species in the
water. In addition, changes in tem-
perature also cause variations in the
hydrogen-bonding equilibrium (6).
The inorganic solutes used in this
study, sodium sulfide, and sodium
carbonate do not absorb in the NIR
region. However, it was possible to
quantify all of these salts together
with sodium hydroxide because they
alter the absorption bands of water.

The ability of the PLS model to
predict the individual component
concentration was assessed by test-
ing on the “confirmation set” sam-
ples. The measured vs. predicted val-
ues for each of the components in
kraft liquor using a five-factor PLS
model is presented in Figs. 5-7.
These figures show that the PLS

model can predict the sodium
hydroxide concentration in the pres-
ence of sodium sulfide and carbon-
ate with a standard error prediction
(SEP) of 0.1636%. However, the pre-
diction capabilities for sodium sul-
fide and sodium carbonate are not
very accurate, with SEP values of
0.334% and 0.344% respectively. The
high accuracy in the sodium hydrox-
ide prediction is due to the stretch-
ing of the O—H bond localized on the
hydroxide ion.

EFFECTIVE-ALKALI

DETERMINATION
In kraft pulping, the concentrations
of OH- and HS- ions are the key ele-
ments in delignification and cellu-
lose-degradation reactions. Hence
the next step was to evaluate the
NIR technique’s ability to predict
effective-alkali concentration. Fur-
ther, from the raw scans of the pure
NaOH and Na.S, it was inferred that
the poor prediction for sodium sul-
fide could be due to the hydrolysis of
sodium sulfide, which needs to be
accounted for in the calibration
model to improve the prediction
accuracy of sodium sulfide.
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The sodium sulfide in the kraft
liguor hydrolyzes to sodium hydrox-
ide and sodium hydrosulfide accord-
ing to the following equilibrium:

Na,S+ H,0 = NaOH + NaSH
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6. Predicted vs. measured Na2S concen-
tration (first calibration set); r2 = 0.92,
SEP = 0.33%
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9. Predicted vs. measured NaSH concen-
tration (second calibration set); r2 = 0.92,
SEP = 0.24%

This is supported by the fact that
sodium sulfide solution gives approx-
imately the same pH as an equivalent
sodium hydroxide solution. Hence,
essentially a complete hydrolysis of
sodium sulfide occurs (7), giving
equimolar quantities of sodium
hydroxide and sodium hydrosulfide.
Consequently, the total hydroxide
concentration is the sum of two
sources: sodium hydroxide and
sodium sulfide.

The PLS analysis was again car-
ried out on mean-centered data in
the new calibration set (accounting
for hydrolysis), and the prediction
ability of sodium hydrosulfide was

7. Predicted vs. measured Na2CO3 con-
centration (first calibration set); r2 = 0.84,
SEP = 0.34%
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10. Predicted vs. measured Na2CO3 con-
centration (second calibration set); r2 =
0.84, SEP = 0.48%

found to improve. The measured vs.
predicted values using a five-factor
hydrolysis PLS model for each of the
components is presented in Figs.
8-10. The SEP value for the sodium
sulfide prediction in this case was
0.24%, as seen in Fig. 9, compared
with 0.334% in the nonhydrolysis
case depicted in Fig. 6. The predic-
tion ability for sodium carbonate did
not improve, as seen in Fig. 10.

CONCLUSIONS
Near-infrared (NIR) spectroscopy
was successfully used to determine
sodium hydroxide and effective-
alkali concentrations in kraft liquor.



The presence of sodium sulfide and
sodium carbonate caused changes in
the absorption spectrum of water.
These changes in the shape and posi-
tion of the NIR spectrum were used
to quantify the individual compo-
nents in the kraft liquor.

The multivariate analysis tech-
nique used here has the advantage of
converting the signal intensity
directly into sodium hydroxide/eff-
ective-alkali concentration, render-
ing itself to on-line monitoring and
control applications. The predictive
ability of this method was found to
be excellent with respect to sodium
hydroxide and effective-alkali con-
centration and less accurate for the
prediction of sulfide and carbonate.

Though the spectrometer can be
calibrated to measure either the
effective-alkali or sodium hydroxide
concentration in the liquor, sodium
sulfide measurement from the differ-
ence of these two will not be possi-
ble, since they are interdependent.
TJ
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