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ABSTRACT: White liquor parameters in the recovery area of a kraft pulp mill were monitored for a 1-year period
using rhodium as an electrode material in a sensor system based on pulse voltammetry. Shift personnel performed
offline titration analysis of the liquor every 4 hours. The results for effective alkali, sulfidity, and total titratable alkali
were used to train and validate the sensor for online monitoring. Partial least square regression models developed
from 150 reference titration results for each parameter from the first month of the study predicted concentrations for
the following 11 months. Validation of the models using titration results indicated that overall relative root mean
squared errors for prediction of the parameters were 3.7% for effective alkali, 3.4% for sulfidity, and 5.1% for total
titratable alkali. Process stops that exposed the sensor to temperature excursions or acid washings resulted in tem-

porary periods of poor prediction.

Application: A nonspecific sensor based on multivariate techniques has the potential to predict cooking chemi-

cal concentration parameters on the time scale of minutes.

Chemical pulp is predominately produced by the kraft
process, and environmental and economic demands ne-
cessitate that the chemicals in the liquor be recycled. The op-
timum weight ratio of wood chips to concentrations of the
chemicals requires continuous analysis of the recycled liquor.
The offline ABC titration method [1] is the most widely used
analysis method. Titration of the liquor with strong acid results
in three inflection points in titration curves. Calculations
based on these values yield a number of important processing
parameters such as effective alkali (expressed as g/L sodium
hydroxide [NaOH] or sodium oxide [Na,O]), sulfidity (per-
centage ratio of sodium sulphide (Na,$) to active alkali), and
total titratable alkali (sum of all bases titratable by strong acid).

Online monitoring of the liquor composition enhances the
capability for process control. The commercial online robotic
titrator has the ability to continuously sample the process stream
at a number of locations and perform analyses on the time scale
of minutes [2]. Several nontitration-based systems have also
been developed for rapid kraft liquor analysis. These include
conductivity [3-6], UVVIS [7], and UV-ATR [8-10], near infrared
(NIR) [11-13], and multisensor approaches [14, 15]. In the latter,
the researchers used a combination of conductivity, ion chroma-
tography, refractive index, and ultraviolet (UV) absorbance to
determine nonspecific properties that were used to predict con-
centrations of alkali, sulfide, solids, and lignin.

We previously described applications of a multielectrode
sensor for voltammetric monitoring of wet-end [16] and efflu-
ent [17] process streams for pH, cationic demand, chemical
oxygen demand, and turbidity, among other parameters. In
this paper we report the use of a rhodium-based sensor for

monitoring recovered white liquor prior to its introduction to
the digester.

White liquor is a strong electrolyte having conductivity on
the order of 35 S/m. Alkali concentration is directly related to
conductivity [3-6]. Sulfur is an element that can have several
oxidation states; thus, the sulfur compounds present in white
liquor can be electrochemically oxidized and reduced. Process-
es developed to produce polysulfides in white liquor by electro-
chemical oxidation use this property of sulfur compounds to
increase pulp yield [18, 19]. The pulse voltammetry technique
makes it possible to register both conductivity-related charging/
discharging currents of ionized species and the reduction-oxi-
dation reaction (redox) currents at longer times resulting from
oxidizable compounds present in the liquor. Although the sen-
sor was not sensitive to specific compounds, information con-
tained in the measured currents could be incorporated in mod-
els using multivariate methods to predict the effective alkali,
sulfidity, and total titratable alkali parameters.

EXPERIMENTAL
On the basis of information from preliminary experiments, we
constructed a corrosion-resistant probe with two 1-mm-diam
rhodium electrodes embedded in a housing of the thermoplas-
tic polyetheretherketone (PEEK). Electrical contact to the ex-
ternal cables was via copper rods pressed against the elec-
trodes. A tank located in the recovery area of a pulping facility
served as measurement site; the PEEK housing was fastened
in a flange that put the electrodes in contact with a slipstream
flow of white liquor. A proprietary potentiostat generated volt-
age sequences for the measurements. The wall of the measure-
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ment tank served as auxiliary electrode and the potentiostat
was galvanically isolated from ground and the PC used for data
storage. Because the corrosive environment ruled out the use
of a standard reference electrode, there was uncertainty about
the exact potentials of the working electrodes. However, this
was not a significant problem with respect to generating cur-
rent patterns for multivariate analysis. The area of the auxiliary
electrode was large and thus did not limit the currents flowing
at any of the applied potentials. In addition, the conductivity
of the liquor was sufficiently high to make it a suitable electro-
lyte for a two-electrode cell configuration [20].

The potentials chosen covered a range of liquor properties.
Two of the voltage sequences started at +1.2 V and decreased
at 0.2V intervals to -0.6 V with 0.0 V applied between each
interval. These sequences had interval times (duration of each
applied potential) of 25 and 250 ms, respectively. The third
voltage sequence started at -0.6 V and increased at 0.2V inter-
vals to +1.2 V (again with 0.0 V applied between intervals),
with an interval time of 125 ms for each applied voltage. Clean
electrode surfaces are important for reliable measurements, so
we used a cleaning step before each voltage sequence consist-
ingof 1 sat+1V, 1sat-1V,and 3 sat 0 V. Each measurement
recorded a total of 640 currents from each electrode and took
about 90 s. Measurements were continuous, but data were only
stored at 5-min intervals. A Pt100 element recorded the white
liquor temperature, which was normally 95°C -97°C.

The shift personnel collected white liquor samples at 4-h
intervals from a location near the probe. A Mettler DL53 auto-
matic titrator (Mettler-Toledo International Inc., Columbus,
OH) performed the titrations using 1.0 N hydrogen chloride
(HCD) to obtain the ABC values used to calculate the reference
parameters (SCAN-test Method SCAN-N 30:85, “Total, active,
and effective alkalai”).

Sensor data evaluation was accomplished using DXE soft-
ware from Proxedra (Linkoping, Sweden) [21]. From 150 mea-
surements obtained during the second month of operation, we
developed partial least square models for effective alkali, sulfid-
ity, and total titratable alkali. The procedure was to place sensor
currents recorded at the titration sampling times in an X-matrix
with 150 rows and up to 2 x 640 columns [22]. The liquor refer-
ence parameters filled a corresponding Y-matrix. After principal
component analyses on both matrices, a linear regression for
each principal component between the scores for the matrices
yielded models that could be used to predict the individual pa-
rameters. To validate the models, we used the results of titration
analysis that continued at 4-h intervals for 11 additional months.

RESULTS AND DISCUSSION
The voltage sequences generated a current pattern for each
electrode. Figure 1 shows charging/discharging currents
and a complete pattern recorded during one measurement.
Individual currents (for example, response 221 in Fig. 1) were
stable in a narrow range during the study, indicating that the
rhodium electrodes maintained an electrochemically stable
surface in the white liquor process stream. A platinum elec-
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1. (Upper) measured current at +1.2 V (responses 221-233) and
0.0 V (234-246), and (lower) complete current pattern from

the three voltage sequences having interval times of 25 ms
(responses 1-210), 250 ms (211-420), and 125 ms (421-640),
applied to one electrode. X-axes were not scaled after time.

trode in an earlier probe slowly dissolved in the liquor, losing
about 0.5 mm in depth during a 6-month period.

We developed models to predict white liquor parameters
using the DXE software. It was necessary to vary the currents
used, their scaling, and the number of principal components
to obtain the best prediction for each parameter, defined as
the lowest overall relative root mean squared error (RMSE)
for model validation. The best prediction models were differ-
ent for each electrode and for the combination of both elec-
trodes. Although the two electrodes were nominally identical,
they did not yield exactly the same measured currents and did
notidentically predict the white liquor parameters. For clarity,
we describe only the models using one electrode.

The model for the effective alkali parameter contained cur-
rents from only the 125-ms voltage sequence with no scaling
and five principal components. Figure 2 shows the predic-
tion resulting from this model. Prediction was good over the
entire period, with significantly low prediction for titration
400-600 and high prediction after 1800. The overall relative
RMSE for model validation after titration 150 was 3.7%. For
sulfidity, the model included currents from all the voltage se-
quences, variance scaling, and five principal components.
Figure 3 shows that prediction was excellent except for
short intervals at titrations 200, 600, 1300, and 1700. Overall,
relative RMSE was 3.4%. The model for total titratable alkali
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2. Effective alkali values from ABC titrations (gray curve) and
predicted values from the model described in the text (black
curve) during the 1-year period of the study. Values from
titrations 1-150 were used for training the model.
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3. Sulfidity values from ABC titration (gray curve) and predicted
values from the model described in the text (black curve) during
the 1-year period of the study. Titrations 1-150 were used for
training the model.

contained currents from all the voltage sequences, normaliza-
tion scaling, and three principal components. Figure 4
shows there were a few minor misses in prediction at titra-
tions 200 and 1200 and a substantial deviation after 1800. The
overall relative RMSE for validation was 5.1%.

As shown in Figs. 2-4, the prediction capability of models
generated from 1 month of reference titrations was reliable
over a l-year period. However, in order to be able to better
quantitatively evaluate the technique, we determined relative
RMSE for model validation relative to the titration results over
shorter time periods. Table I shows the relative RMSE for
each parameter during 1-week intervals for the final 5 weeks
of the study (starting at about titration 1760). As shown in the
table, the effective alkali and sulfidity predictions scored the

Week |Effective Alkali|  Sulfidity | 100 ATI:::’itab'e
1 2 3 3
2 4 5 18
3 3 3 17
4 3 2 7
5 5 3 4

1. Weekly relative RMSE (%) for the final weeks of the study.
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4. Total titratable alkali values from ABC titration (gray curve)
and predicted values from the model described in the text (black
curve) during the 1-year period of the study. Titrations 1-150
were used for training the model.
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5. Sulfidity values from ABC titration (gray curve) and predicted
values from the model described in the text (black curve) during
week 1. Titrations 1-150 from the first month were used for
training the model and 151-191 are shown to validate the model
for week 1 (defined in Table ).

lowest relative RMSE and the total titratable alkali prediction
was considerably off during weeks 2 and 3. Figure 5 shows
the correlation between the model prediction and the titration
results for sulfidity during week 1 where the relative RMSE for
the week was 3%.

Models for prediction are no better than the reference val-
ues that they are built upon. Validation of models by compar-
ison of predicted values with results obtained by the reference
method is also dependent on the accuracy of the reference
values. The titration method used to obtain the reference data
has a number of possible error sources. One possible error
source was operator related because a number of different
individuals collected the samples and introduced them into
the titration vessel by pipette. There was thus a risk for varia-
tion in volume delivered on the basis of time after sample col-
lection because of temperature variations. To minimize oper-
ator-related error, shift supervisors made quality control
evaluations during the course of the study to ensure standard-
ization of procedures among the different shift personnel.

There is an additional possible error source for the SCAN
titration method because inflection points in the generated
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pH curve can vary with deadload concentrations of sulfite,
thiosulfate, and polysulfides. These ions are all electrochemi-
cally active in alkaline media [18, 19, 23, 24] and will thus in-
fluence the sensor signal. Evaluating the magnitude of this
error source would require analysis of the liquor using addi-
tional techniques specific for the deadload species, such as
capillary ion electrophoresis [25, 26] and gas chromatography
[27]. This information could be incorporated into models to
determine how deadload species affect model predictions.

The periods of obvious discrepancies between the pre-
dicted and titration values shown in Figs. 2-4 were critical for
evaluating the utility of the sensor for monitoring white liquor
parameters. The most significant periods were around titra-
tion 500 for effective alkali (Fig. 2) and 1900 for total titratable
alkali (Fig. 4). One difficulty was that the pulping process did
not operate continuously without incident; temperature fluc-
tuations, process stops, and acid washings of the lines oc-
curred. While the overall stability of the electrode was good,
we would have preferred a stable, continuous white liquor
flow at constant temperature throughout the study.

Deviations in process conditions affected parameter pre-
dictions to different degrees. The period following titration
280 was during the process restart after the mill’s annual stop
for maintenance. Despite the interruption in the sensor’s op-
eration during the stop, the predictions of effective alkali and
sulfidity were quite good during the restart period. A sudden
decrease in measured late interval (redox) currents was ob-
served for the voltage sequence having 250-ms intervals at
about titration 1300. This coincided with the sulfidity predic-
tion miss seen in Fig. 3. This correlation was probably due to
the fact that sulfur compounds contributed to redox currents,
but it was not clear how the temporary high- sulfidity predic-
tions observed were related to the sharp current decreases.

Toward the end of the study there was a temporary tem-
perature drop in the white liquor to 80°C at about titration
1800. This may have had an effect on the predictions that fol-
lowed, most notably for total titratable alkali (Fig. 4). Clearly,
an important consideration for sensor operation is employ-
ment of a measurement chamber having automatic isolation
capability in the event of process interruptions and auxiliary
heating to avoid precipitation of liquor components.

The prediction capability of the sensor is based on titration
results, so it can only have the potential to partially replace the
titration procedure. Once in operation, it would permit white
liquor parameters to be determined on the time scale of minutes
without labor-intensive sample taking. The occasional titration
analyses necessary to continuously confirm the sensor predic-
tions could possibly be used to update the models to take ac-
count of any slow changes occurring in the white liquor process
composition, such as the build-up of nonprocess elements [28].

SUMMARY AND CONCLUSIONS
The widely used offline ABC titration analysis method for ac-
tive pulping chemicals is labor intensive and cannot be used
for process control because of the time involved. Commercial
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at-line robotic titrators are faster but require considerable
maintenance. Online electrochemical sensors are an attrac-
tive alternative to titration, and commercial conductivity
probes are available to monitor charged species in the liquor.
Since pulse voltammetry is a technique which can collect data
about both charged and redox active compounds, we investi-
gated if such non-specific information, coupled with multi-
variate analysis methods, could be used to monitor concentra-
tions of hydroxide and sulfide components in white liquor.

Rhodium is well known for its corrosion resistance and even-
tually proved to have the best stability in the liquor. Our machin-
ist devised a simple construction method to insert electrodes with
reliable electrical contacts in the PEEK probe housing. Since it was
unknown how many reference titration values were required to
train the sensor, we started the study in a mill equipped with an
atline robotic titrator. Results there indicated that as few as 100
training values were sufficient and we moved operations to a mill
where shift personnel take manual samples. One month training
time yielded 11 months of parameter predictions.

Halfway through the study, we discovered that the sensor
was not always isolated from the system during process stops.
This fact explained several of the prediction misses observed
and made clear that, for stability, an automatic isolation system
is important to maintain the sensor in the preferred warm
white liquor environment.

We continued development of the sensor by monitoring
green liquor parameters during a short trial. In addition,
Senset AB tested a system in the recovery area control room
for real time evaluation of the data, providing white liquor
concentration parameters at about 2- min intervals.

In our study, rhodium exhibited stable electrode properties
during use for voltammetric measurements on white liquor in
a kraft pulp mill. Predicted values of the liquor parameters ef-
fective alkali, sulfidity, and total titratable alkali by partial least
squares models agreed well with results from titration during
an 11- month validation period. Sensor performance was best
during periods of continuous process operation. Process inter-
ruptions were sometimes followed by periods of poor predic-
tion performance, but these were normally corrected by con-
tinued exposure to the flowing white liquor. TJ
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