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4. Sensor Improvement

1. Introduction to validation

This report presents the validation at pilot and industrial scale of Anasense, a titrimetric
sensor developed within the TELEMAC project. Pilot scale validation was performed at a
Hybrid UASB-UF pilot plant at USC under controlled conditions and at INRA pilot
plant. Validation in an industrial environment was done at the industria brewery
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wastewater treatment plant of Estrella Galicia Hijos de Rivera SA., located in A Coruiia
(Spain). Thisindustrial wastewater plant was selected based on the following criteria:

Treatment technology: Wastewater plant has a high yield reactor with the
latest technology, called EGSB-IC.

Solid content in the effluent: Reactor effluent has low solid content.

Willingness to cooperate: High degree of collaboration at the brewery,
both from administrative and technical staff.

Location: The wastewater plant is located near USC, alowing a
permanent control of the sensor and in plant supervision.

The main results of the validation at pilot and industrial scale are reported. The chapter
on industrial scale validation presents a brief description of the industrial wastewater
treatment plant, the protocol used for validation, a description of the experimental set up,
the analytica method used for each analysis, the main results, falures and
recommendations to improve sensor performance and final conclusions.

2. Validation at USC Pilot Scale

21 MATERIALSAND METHODS

2.1.2 Experimental Set up
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The pilot plant is composed of a 1 m3 hybrid UASB-UF reactor described in a previous
deliverable (D1.3b).

2.1.3Validation Protocol

The validation experiments were divided into two parts; the first was the development of
overload experiments to produce an increase of VFA and a decrease of bicarbonate in
order to cover a wide range of both components (VFA from O to 6000 mg/l and
Bicarbonate from 0 to 60 meg/l). The overload conditions of the pilot plant were
designed by Biomath using Optimal Experimental Design (OED). This step took 400 h of
on line measurements by the Anasense and determinations for reference value.

In the second step the influence of fouling of the pH probe over the stability of the
measurements was studied. This step took 300 h of experimentation and was conducted
just after the first 400 h of step number one.

2.1.4 Analytical methods

Telemac D2.7 5
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The sensor used three methodologies for VFA and bicarbonate determinations; Biomath,
Applitek and INRA methods, described in previous deliverables. All titrations were done
in the fast mode (8” interval between consecutive pul ses).

Reference VFA and bicarbonate were determined from the online TOC and TIC,
respectively. On line TIC/TOC was determined by an automatic analyzer, Shimadzu
TOC-5000, with aNIRD detector.

22 RESULTSAND ANALYSIS

Figures 1 and 2 present the VFA and bicarbonate profile during the experimentation (step
1 and 2).

Linear fit of data from step 1 was done for each method against the reference value. The
anaysis was done for two concentration ranges: for the complete range of data and for
low concentration, i.e.,, from 0 to 410 mg/l for VFA and from O to 10.2 meg/l for
bicarbonate.

During this experiment, titration algorithms were not configured for the slow titration that
is required by the Biomath method. However, titration data of the experiment were
analyzed by that method to assess the quality of the titration and help the development of
the other smplified methods. The obtained results by Biomath were not possible for all
titrations performed in the experiment due to the poor data quality because of the fast
titration (see deliverable 2.4).

Figures 3 and 4 present linear fit for VFA and bicarbonate, respectively for the complete
range of data. Figure 5 and 6 present the linear fit for VFA and bicarbonate for the low
concentration region for the three methods studied.

Telemac D2.7 6
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Table 1 presents a summary of the linear fit parameters (intercept, slope and correlation

factor).

For VFA determination in the complete range of data, both the INRA method as well as
the Applitek method present good performance, with errors in the range of 2%. The
INRA method presents the smallest bias (intercept of 15.9 mg/l). Despite fast titration
that is not suitable for the Biomath method, an acceptable 4% error in the range of 2100
to 4900 mg/l was achieved. The error was only slightly higher compared to INRA and

Applitek methods.

Table1l. Summary of thelinear fit parameter for the data at low concentration and for
the complete range.

VFA complete range

Method | Applied range R? Slope I nter cept
(mgAcetic acid eg/L)

Applitek | 0-4900 0.9822 | 0.9898 41.813

INRA 0-4900 0.9816 | 1.0119 15.195

Biomath | 2100-4900 0.9555 | 0.9643 -398.06

VFA diluted range

Method | Applied range R? Slope I nter cept
(mgAcetic acid eg/L)

Applitek | 0-410 0.8049 | 1.1691 51.028

INRA 0-410 0.8701 | 1.118 25.306

Biomath | Not applied

Bicarbonate whole range

Method | Applied range R? Slope I nter cept
(meg/L)

Applitek | 0-49.5 0.9653 | 1.0343 7.5033

INRA 0-49.5 0.9781 | 1.1825 1.1401

Biomath | 5.74-17.38 0.6302 | 0.8893 13.755

Bicarbonate diluted range

Method | Applied range R? Slope I nter cept
(meg/L)

Applitek | 0-10.2 0.7687 | 2.0112 4.5918

INRA 0-10.2 0.8704 | 1.5948 0.5891

Biomath | 5.74-9.24 0.1356 | 0.5351 16.503

Telemac D2.7 10
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For the low concentration range, good performance of the INRA and Applitek methods
was obtained. The INRA method presents 11.8% error and a smaller bias than Applitek
method. The Biomath method could not give good results for low concentrations due to
fast titration. Also, the high acid normality (0.5 N) compared to the small concentrations
produced a limited number of titration points per titration curve and therefore leads to
less practical identifiability of the buffer capacity model parameters that is crucial for the
method.

Bicarbonate can be well determined for the complete range by INRA and Applitek
method. The Applitek method gave an error of 3.4% and INRA 18%, but the INRA
method has a smaller bias than Applitek. Also, no initial pH adjustment of samples was
implemented and the initial pH was often below 6.3 due to the overload conditions. It is
important for the Biomath method that the initia pH is slightly higher than the pKa of
bicarbonate at 6.35 to pick it up in the automatic initialization algorithm.

For the low concentration range, both INRA and Applitek gave varied results, with
correlations of 0.87 and 0.77, respectively. Nevertheless, the INRA method has better
slope and bias.

2.3 ANALYZER PERFORMANCE IN PILOT VALIDATION

The analyzer was working continuously for two months with amost no operational
problems. A micro filtration unit was used for sample collection. This avoids any
inconvenience with clogging by solids or biofouling in the tubing or the system.

The only maintenance requirement was pH calibration and reactor vessel cleaning once a
week. During the second part of the validation (from time 400 h to 700 h) no cleaning
procedure was done, analyzing the effect of fouling on the stability of the sensor.

2.4 CONCLUSION OF PILOT VALIDATION AT USC

The Anasense sensor was validated at pilot scale in continuous operation for 2 month.
Using a micro filtration unit for the sampling system, no problems of clogging or fouling
were observed and the maintenance requirement was only the calibration of the pH probe
and the reactor vessel once aweek.

Telemac D2.7 11
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Regarding the studied methodologies, the INRA and Applitek methods both seem to be
sufficiently accurate for VFA and Bicarbonate determination.

The Biomath method suffers from poor performance, especially because the titration
curve was not of sufficient quality for the application of this method. For this reason, the
sensor must be able to generate appropriate titration curves, doing slow titration. This
will beimproved for the industrial validation step.

3. Validation at I ndustrial Scale

3.1 INDUSTRIAL WASTEWATER TREATMENT PLANT
DESCRIPTION

Estrella Galicia wastewater treatment plant is based on an homogenization tank, pre-
acidification reactor and expanded granular sludge blanket with internal recirculation
(EGSB-IC) (Figure 7) developed and installed by PAQUES. Start up of the plant was in
August 2001, treating now a mean influent flow rate of 80 m3/h with an influent COD of
3.000 to 4.000 mg/I, achieving a COD removal efficiency of 85 to 90%.

Telemac D2.7 12
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Figure 7: Scheme of the wastewater treatment plant at the Brewery Estrella Galicia

The volume of the EGSB-IC reactor is 800 m3, 26 m height and 6.5 m diameter. It is
operated at a constant inflow of 200 m3/h (120 m3/h of recirculation plus 80 m3/h of
feed). By this mean, the organic loading rate (OLR) applied to the system is 6 to 9 kg
COD/m3d with a superficial velocity (Vs) of 6 m/h and a hydraulic retention time (HRT)
of 4 h including recirculation and 10 h considering only the feed flow rate. Table 2
presents the main characteristics of the influent and effluent of the brewery wastewater
treatment plant.

Table 2. Main characteristic of the influent/effluent of the brewery wastewater treatment
plant at Estrella Galicia

Parameter I nfluent Effluent
COD tota (mg/l) 3.500 500
COD soluble (mg/l) 250
TSS (mg/l) 800 200
TKN (mg/l) 80 50

P (mg/l) 50 30

VFA (mg/l) 30

Different complexities to titrimetric methods and analysers are considered in the
presented application. The chosen industria plant applies calcium and ferrous ions that
are added to enhance the performance of its process units. Such cations may lead to
precipitation during the titration experiments. However, precipitation is not considered in
the implemented titrimetric methods. Note that precipitation may also cause blocking of

Telemac D2.7 13
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the tubing of the titrimetric analyser and affect its performance, e.g. reducing the
accuracy of the sampled volume.

3.2VALIDATION PROTOCOL

Validation tasks were divided in two parts. The first was to connect the sensor to the
plant and continuously measure the wastewater treatment plant effluent; in this way the
sensor was checked for stability and the ability to work aone. In the second step, an
overload was simulated adding to the wastewater line known concentrations of VFA,
bicarbonate, lactic acid, phosphate and ammonium in an automatic in-line injection
system explained below.

The experimental design, summarized in table 3, used for the smulated overload was
developed by Biomath using the developed Titrimetric Analyser Simulator (TAS). The
protocol has 10 different conditions that simulate an overload episode in a wastewater
treatment plant: increase of VFA and decrease of bicarbonate. The simulated titration
curve is analysed at each step by BCS and the results are also shown in the following
figure 8.

Telemac D2.7 14
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Lactate mol/l VFA molll Bicarbonate mol/I

Phosphorous mol/l

Ammonia mol/l

test days

Figure 8 Protocol of buffer mixtures addition to the digester effluent,
u Simulated by TAS ; evaluated by BCS
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When analysing the simulated titration curves, accurate results can be expected for
bicarbonate, VFA, and ammonia. A lower accuracy can be foreseen for BCS estimations
of lactate and phosphorus due to their high correlation with VFA and bicarbonate,
respectively. However, it can be seen that the trends can be nicely determined.

The different conditions were optimised by TAS to cover a wide range of different
concentrations in the mixture and within the constraints of the real analyser parameters
such as maximum titrand volume per sample, volume of the titration vessel..etc.

The experiment is aimed at testing the sensor and the interpretation methods with
different buffer mixtures and at different levels of concentrations. Due to the constraints
at the industria plant, each condition was applied for one day (continuous measuring for
10 h each day).

Samples for reference measurement were collected once a day. Therefore, the collected
reference measurements may not be enough to accurately assess the linearity of the
measurements. However, the results of the different methods are fitted by a linear
regression with the obtained reference measurements to visualise the results.

Table 3. Validation protocol proposed. Concentrations used to simulate an overload.

Condition Bicarbonate Acetic acid|Lactic acid | Phosphate | Ammonium
(meg/l) (mg/l) (mg/l) (mgPO,/1) | (mg N/I)
1 49 462 623 0.00 137
2 32 603 709 0.00 344
3 22 780 789 0.00 303
4 15 1,016 1,179 0.00 276
5 9.7 1,324 1,773 578 207
6 6.5 1,719 2,659 528 137
7 4.3 2,234 2,792 481 0.00
8 2.8 2,939 2,908 434 0.00
9 1.9 3,779 3,116 337 0.00
10 13 4,912 3,241 290 0.00

3.3EXPERIMENTAL SET-UP

The sensor was installed in the annex laboratory of the brewery wastewater treatment
plant at Estrella Galicia, due to the need for electricity, tap water, and drainage. A 15 m
fast loop was used to bring fresh effluent to the sensor.

Telemac D2.7 16
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Figure 8 shows a scheme of the experimental set-up installed to bring fresh sample to the
sensor and inject the required solutions to simulate the overload following the protocol.
To control the solid entering the sensor and for degasifying the effluent, an intermediate
basin for sedimentation and degasification was used. Standard solutions are pumped
continuously at 0.24 |/h to the sampling stream flow of 2.88 I/h and before the AnaSense
sampling point, as shown in figure 9. The dilution ratio of the standard solution to the
mixing container is 13. A standard buffer’s solution is prepared daily at 13 times the
designed protocol concentrations and each condition of the protocol is applied for one
day. However, concentrations are expected to deviate to a small extent from the designed
protocol due to the existing concentrations in the digester effluent and the dynamics in
the mixing container. However, the small deviations will not violate the protocol design
objectives of creating an overload profile and of maintaining maximum concentrations
within the analyser limit defined by the tota titrant volume.

During the second stage of validation, known amounts of VFA, lactic acid, bicarbonate,
phosphate and ammonium were added to the mixing container at a constant flow rate
(0.24 1/h) to obtain the desired concentrations of the protocol presented in Table 3.

Over flow

> Q1=2,88
—
4 Il

sedimentation basin

Q2=0,24 1/

—_—

Overflow,
Standard solution sampling point

w

—— B
Anasense
LTI

Mixing container

A

Figure 9. Experimental set up scheme for industrial validation.
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3.4 ANALYTICAL METHOD USED BY THE TITRATION SENSOR
AND REFERENCE ANALYSIS.

34.1VOLATILE FATTY ACIDS (VFA) AND BICARBONATE

The sensor used three methods for on line VFA and bicarbonate determinations. The
methods were: INRA, Biomath with and without initial pH adjustment (called Biomath 2
and 1 respectively). Reference VFA was determined by GC at the USC lab, using a
Hewlett Packard 5690 chromatograph, with a FID detector and pivayc acid as internal
standard. Reference bicarbonate was determined by total inorganic carbon (TIC), using
an automatic analyzer, Shimadzu TOC-5000, with aNDIR detector.

3.4.2 AMMONIUM NITROGEN

The sensor determined ammonium nitrogen by the Biomath method with initial pH
adjustment (called Biomath 2) to pH 11. Reference ammonium nitrogen was determined
a the USC lab by an automatic TKN analyzer, DOHRMANN DN 1900, with a
Chemiluminiscence detector.

3.4.3 PHOSPHATE

The sensor determined phosphate with the Biomath method with and without initial pH
adjustment to pH 11 (called Biomath 2 and Biomath 1 method respectively). The
reference phosphate was determined at the USC lab with a capillary electrophoresis
analyzer for ion species, CIA WATERS.

344 LACTICACID

The sensor determined phosphate with the Biomath method with and without initial pH
adjustment to pH 11 (called Biomath 1 and Biomath 2 method respectively). Reference
lactic acid was computed from a TOC balance, considering the sample TOC and the TOC
of the added VFA, the difference was assigned to lactic acid.

TOC was determined at the USC lab by an automatic analyzer, Shimadzu TOC 5000,
with aNDIR detector.

3.5SCHEDULE AND FAILURESDURING THE VALIDATION

During the validation of the sensor at industrial scale, some failures arose, mainly related
to obstruction due to solids, damage to the drain pump, burette failure and pH probe
failure. Table 4 summarizes the validation schedule and failures are noted.

Telemac D2.7 18
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Table 4. Schedule and failures during the validation

Date

Observation

Thursday, July 29

Start of experimentation, continuously testing effluent

Wednesday , August 4

Drain pump failure, fixed by cleaning

Thursday, August 5

Drain pump failure, fixed by cleaning

Wednesday, August 5

End of first stage. Start of overload simulation by adding known
solutions, starting with condition number 1.

Monday, August 16

At condition number 3, failure of the burette. Shut down of the sensor
and the burette was sent to Applitek.

Tuesday, August 24

New buretteisinstalled and was running for testing for some days

Tuesday, August 31

Restart of the experiments with condition number 1 again.

Thursday, September 2

Drains pump failure. The pump was sent to Applitek. Shut down the
Sensor.

Monday, September 6

New drain pump isinstalled.

Thursday, September 9

Restart of experiments with condition number 1 again.

Friday, September 10

At condition number 2 the pH probe gave noisy values and it was
impossible to recaibrate.

Tuesday, September 14

New pH probe is instaled. Experimentation restarts with condition
number 2.

Wednesday, September 15

Leakage in the drain pump is detected and fixed

Monday, September 27

Obstruction in the drain pump is detected and fixed. The burette has air
in the top, which is purged.

Wednesday, September 29

The burette has air in the top, which is purged.

Friday, October 1

End of experimentation of the 10 conditions in the protocol.

3.6 RESULTSAND ANALYSISOF DATA

3.6.1 INDUSTRIAL EFFLUENT EVALUATION

In the first stage of the validation, the sensor continuously determined bicarbonate and
VFA of the wastewater treatment effluent. This period was about of 7 days of
experimentation and the purpose was to study the stability of the measurement of the
sensor. During this period of time, the sensor performed about 80 measurements,

presented in figure 10.
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Figure 10. Effluent bicarbonate concentration determined by different methodol ogies

Figure 9 shows the performance of the sensor, and the measurements by different on line
methodologies (INRA, Biomath 1 and Biomath 2) as well as the reference measurement.
It can be seen that the sensor presented differences in the measurement in two periods:
from the beginning to data number 14 and from data number 29 to 41. This was due to
obstruction of the drain pump. The measured value of bicarbonate by the different
methodol ogies was around 8 to 15 meg/I.

VFA results are presented in figure 11. The same performance during drain pump failure
is obtained. The VFA of the effluent was around 0 to 80 mg/l during the experimentation.
The INRA method gives values that are quite similar to the references values.
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Figure 11. Effluent VFA concentration determined by different methodol ogies
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3.6.2 ANALYZER PERFORMANCE

Two main problems were reported during the operation of the analyser and caused some
noise and inaccuracy of the titration data. The reader is referred to figure 10.8 of the
analyser. The first problem was precipitation and subsequent obstruction of the drainage
line. Although the sampled effluent contained only little solids content (about 200 mg/l),
the high cation (Ca™ and Fe™™) concentrations affected precipitation and obstructed the
drain line from the titration vessel. As a side effect of the drainage problem, left overs
from a previous sample or rinsing water will have influence on the sample volume and
the true concentration. The other problem is due to inaccurate records of the titrant
volume. Observation of air bubbles in the burette was reported during the analyser
operation. This leads to some inaccuracy in the recorded titrant volume. At some titration
steps a constant pH was recorded while injected air was recorded as added titrant volume.

The BCS approach requires accurate titration and buffer capacity curve. To eliminate
noise from the titration experiment, the raw data of the buffer capacity curve are
evaluated by using amoving window and parabolic regression. The regression is made by
a symmetric window to avoid phase shifts and therefore window width should be an odd
number. The minimum window width is three. For good titrations, the optimum for BCS
is five and therefore this is the window width used in the present experiment. Figure 12
shows buffer capacity curves that are built for one sample using different window widths.
The sample is taken under the condition number 7 of the defined protocol. The sample
contains carbon, VFA, lactate, and phosphorous buffers. It is clear from figure that some
noise starts under pH 7. The noise is clear using a window width of three (w3) and is not
removed using a window width of five (w5). Using larger window widths the noise could
be removed but this would lead to losses in information in the buffer capacity curve. The
noise shown in Figure 12 can be caused by either precipitation or titrant volume
recording problems. The outlier at pH 5.65 and the irregularity of the shown buffer
capacity curves at lower pH could be due to dissolution of precipitates after acid addition.
Precipitates could be of ferric phosphate and aso calcium lactate since ferrous and
calcium ions are present in the effluent; phosphate and lactate are dosed before the
sampling point. Raising the initial pH of the sample to pH 11 is expected to increase
precipitation, while acid addition during down titration will affect dissolution of
precipitates. Precipitation dynamics is not considered in the interpretation methods. The
outlier at pH 5.65 can be caused by an air bubble that is recorded as an added acid
volume. Consequently, a higher buffer capacity is erroneously calculated at this particular
point.
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Figure 12 buffer capacity evaluation with different window widths of parabolic regression and elimination of
titration noise

Such problems included in the titration curves obviously affect the accuracy of the
interpretation methods in the present application. However, in future applications they
can be easily avoided by some changes in the analyser’s operation or accessories. For
instance, an acid dose from the burette while rinsing after a previous titration will help in
two ways. It will help to continuously remove any air bubbles from the burette before the
start of new titration. The injected acid in the rinsing water will help in removing the
precipitates after each titration experiment. Further, an upgrade of some of the analyser
accessories, e.g. changing the drainage pump to a better type or installation of a pre-
filtration system, will certainly improve the analyser performance.

3.6.3 OVERLOAD EMULATION

An overload was emulated, following the protocol. The effluent was used as a matrix and
known amounts of acetic acid, lactic acid, ammonium, phosphate and bicarbonate were
added in the 10 different conditions. Condition number 1 was repeated at the end of the
experiment to check consistency and stability of measurements; it will be called condition
11. At each condition, applied concentrations deviated from the designed protocol
concentrations Therefore, on-line titrimetric measurements will be compared with the
daily standard measurements. Some constraints at the industrial plant limited the number
of samples for standard analysis to one sample per day.
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In the following interpretations, the daily average of on-line measurements is compared

with the daly standard measurement. On-line measurement standard deviation
throughout each day is aso presented to interpret the measurement error. However, it
should be noted that different factors are contributing to the standard deviation values
such as:

1. Dynamics of the digester effluent concentrations,

2. Dynamicsin the mixing container before the sampling point,
3. Precipitation dynamics,

4. Noisein thetitration data,

5. Aswell asdeviations (errors) of the measurement methods.

Also, linearity of the on-line titrimetric measurements is tested by linear regression of
their daily average with the daily standard measurement. However, it should be noted that
standard deviation is not constant across all days (i.e. during the application of the
implemented protocol conditions). In other words, although errors are not normally
distributed N(O, s) to suit accurate linear regression, linear regression is made for the
interpretation of the reproducibility of the results across the extended range of
concentrations. It is generally noted that the standard deviation (error) is smaller at lower
concentration than higher concentration therefore regression is made considering O
intercepts. Indeed, only drift in the measurement is expected with increase of
concentration due the increase of the ionic strength of the titrated solutions and therefore,
such an effect will be reflected by the slope of the regression line. Shift is not expected in
the measurement methods since titrations were made with the same calibrated pH
electrode and at the same configuration, i.e. temperature, sample volume, titrant
normality...etc. Therefore, intercept is ignored in the following interpretations. R? is
evauated to reflect the noise in each measurement that is influenced by the error in the
measurement and the dynamic changes through out each day.

Bicarbonate measurement: table 5 lists the reference standard measurement and the daily
average of on-line titrimetric sets of bicarbonate results at each overload condition.
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Table 5 Mean of the bicarbonate concentration for each condition. Bicarbonate expressed  in (meg/l)

Condition Reference INRA Biomath 1 Biomath 2
(with initial pH adjust to pH 11)
1 49.7 46.1 42.1 30.4
2 33.8 36.7 30.1 36.4
3 24.6 24.5 28.7 29.1
4 20.0 18.6 25.8 25.0
5 20.3 21.2 24.3 26.5
6 15.6 7.7 18.8 18.4
7 14.4 7.0 18.6 16.9
8 10.0 2.9 17.2 14.5
9 5.9 0.0 15.0 12.8
10 7.4 1.2 19.2 16.2
11 45,5 49.8 53.2 50.0

Figure 13 shows bicarbonate results. In the left pane, all measurement agree in trend.
Accurate on line measurements are in the range of 20 to 30 mequ/l, conditions 2 to 5.
BCS results with and without pH adjustment (Biomath2 and Biomathl) are similar at all
conditions except condition 1. Although same standards are applied at conditions 1 and
11, standard measurements are different. Dynamics in the effluent bicarbonate causes this
difference. On-line measurement is under predicting at condition 1 and over predicting at
condition 11. Titration noise due to precipitation/dissolution at such elevated
concentration is expected. The presence of calcium ions causes precipitation of calcium
carbonate especialy with initia pH adjustment to pH 11, Biomath 2 is largely under
predicting at condition 1. At low concentration (conditions 6 to 10) INRA results are
dlightly under predicting while Biomathl and 2 are dlightly over predicting. Possible
reasons for these differences at low concentrations could be that the regression model of
the INRA method was calibrated using higher range of concentrations and the
interference of added phosphorus will affect BCS interpretation at these conditions.

A similar interpretation can be concluded from the linear regression in the right pane. The
slope is 0.96, 1.06 and 0.99 for INRA, Biomathl and Biomath2, respectively. Generally,
low drift is shown for the three measurement sets. R? is 0.92, 0.65 and 0.48 for INRA,
Biomathl and Biomath2, respectively. The INRA bicarbonate measurement is less
influenced by the titration noise and therefore is more robust for the bicarbonate
measurement under the present experimental conditions.

Telemac D2.7 24



Deliverable D.7 - Final report on sensors TELEMAC IST-2000-28156

Figure 13 Comparisons of the on-line titrimetric bicarbonate measurement, (left) concentrations at
each condition of the applied experiment protocol, (right) thelinear regression of different titrimetric
results

VFA measurements: Table 6 lists the VFA gas chromatography reference measurements
and the daily average of on-linetitrimetric sets of VFA results at each overload condition.

Table 6 Average on-line VFA concentrations for each condition compared to the gas chromatography
standard concentration (VFA expressed as mg/l assuming VFA is only acetate)

Condition Sampled Analyser measurements for each method at each
Reference condition (average over 10h)
measurement  INRA Biomath 1 Biomath 2

(withinitial pH adjustment to pH 11)
1 448.0 627.1 287.1 520.5
2 602.3 581.6 468.1 495.1
3 830.8 938.7 722.1 541.4
4 1,166.3 1,324.4 932.0 639.5
5 1,079.7 1,549.7 1,031.2 1,449.7
6 1,775.1 2,057.8 1,106.1 1,132.8
7 2,473.2 2,472.4 1,602.2 1,526.2
8 2,790.4 3,167.1 2,194.9 2,250.9
9 3,690.5 3,808.1 2,517.3 2,694.2
10 4,263.8 4,923.6 3,492.9 3,119.0
11 833.2 661.0 516.4 500.3

Figure 14 shows the average VFA results at each conditions, standard measurement using
the gas chromatography and the linear regression of the titrimetric methods. In general,
the trend of the VFA increase is well predicted. INRA VFA results are dlightly over
predicting while BCS results (Biomathl and Biomath2) are under predicting. From the
linear regression in the right pane of figure 14, the slopeis 1.1, 0.75 and 0.73 for INRA,
Biomathl and Biomath2, respectively. The drift in the online results is due to the
interference of lactate whose addition was increasing with increase of the added acetate.
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The INRA method uses the regression equation for VFA evaluation considering the
volume of acid added between pH 5 and 4. Lactate will increase this amount of acid and
cause the dlight over prediction. BCS could automatically initialise the buffer capacity
model and consider both VFA and lactate. However, the optimisation under estimates
VFA and over estimate lactate, figure 15. The reason is due to the high correlation of
lactate and VFA that could not be accurately resolved due to the irregularity of the
measured buffer capacity curve. BCS uses the buffer capacity curve to estimate more
accurate bounds on the concentration that enhance the estimation of the concentration of
the interfering (correlated) buffers. From the regression, R? is 0.98, 0.97 and 0.92 for
INRA, Biomathl and Biomath2, respectively. Low noise and less standard deviation can
be explained by three factors. Very low VFA in the digester effluent reduced the dynamic
change of VFA during the day. The reference measurement is accurately achieved by the
gas chromatography. The titrimetric methods are robust in determining VFA
concentrations.

Figure 14 Comparisons of the on-line titrimetric VF A measurement, (left) concentrations at each
condition of the applied experiment protocol, (right) the linear regression of different titrimetric results

Lactate measurements: figure 15 shows the lactate results measured by BCS, estimated
lactate concentrations from the TOC balance and the applied protocol values. The on-line
titrimetric concentration results are accurate at small concentrations, e.g. conditions 1 to
3. During the next conditions, the average of on-line measurements is aways higher but
has the same trend when compared with the estimated |actate concentrations. This can be
explained by the correlation with VFA. However, the standard deviation is high at these
conditions and indicates presence of some dynamics or noise every day. Also, the applied
protocol concentrations of lactate are higher than estimates from TOC and the average
on-line measurements are in between. Indeed, calcium ions that are present may form
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cacium lactate that has limited solubility. Partia precipitation may have occurred,
especially when high concentrations are applied. During titration, adding acid enhances
the solubility again and some lactate buffer is recovered in the measurement. This
explains the high drift indicated by the slope of regression lines in the right pane of the
figure. Slopes are 1.42 and 1.55 for Biomathl and Biomath2, respectively. Drift is larger
with Biomath2 since precipitation is enhanced with the addition of base to adjust the pH.
Precipitation-dissolution reactions usually create noise to the titration. This is explained
by the large standard deviation values and R2 values, 0.77 and 0.7 for Biomathl and
Biomath2, respectively.

Figure 15 Comparisons of the on-line titrimetric Lactate measurement, (Ieft) concentrations at each
condition of the applied experiment protocol, (right) the linear regression of different titrimetric results
Ammonia measurements: figure 16 shows the on-line titrimetric results for ammonia,
comparison and linear regression with TKN standard measurement using automatic
anayser. The ammonia concentration is determined only with Biomath2 since pH
adjustment is required to start titration from above the ammonia pKa of 9.25. The trend
of ammonia is well determined on-line. Large standard deviation at conditions 4 and 5
indicate some dynamics and noise that occurred during those two days. At conditions
from 7 and 10 the standard TKN have small vaues while zero concentration is
determined on-line for ammonia. Indeed, ammonia concentration is zero during these
conditions since there was no ammonia addition according to the applied protocol and
there is no ammonia in the digester effluent. The drift in the measurement is too small,
slopeis0.98. Noiseisahigh, R? is 0.72. Some dynamics and titration noise are present.

Telemac D2.7 27



Deliverable D.7 - Final report on sensors TELEMAC IST-2000-28156

Figure 16 Comparisons of the on-line titrimetric ammonia measurement, (left) concentrations at each
condition of the applied experiment protocol, (right) the linear regression of on-line titrimetric results

Phosphorus detection: Measurement with phosphorus was not possible since iron was
dosed to the plant effluent to enhance solids separation and removal of sulphides. The
presence of ferric ions in the samples caused precipitation of the added phosphorus.
Especidly, when the sample pH israised to 11, method 2, the phosphorus precipitation is
increased and therefore the detected concentrations are not comparable to the reference
measurements. However, it is a positive result that the method could detect the
phosphorus presence in the system under these conditions.

3.7RECOMMENDATIONSAFTER INDUSTRIAL VALIDATION

The main recommendations for sensor robustness and better performance are summarized
below:

Control of solids via a solid removal device, such as microfiltration unit.
Pilot plant validation suggests that microfiltration is needed for avoiding
operational problems which usually arise every 2 months when no filtering
is available. This should be included as a component of the sensor for any
application.

The drain pump must be substituted by another type of pump, more robust,
such as a peristaltic pump.

Air purge from the burette must be considered. A procedure of partial
drain of the burette before analysis may be a good aternative. Moreover,
this acid can be used for a cleaning procedure before analysis.
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Auto calibration or automatic calibration check should be considered, since the core of
the analysisis a correct pH measurement and because the current calibration procedure of
the sensor is not an easy task because of practical limitations (small analysis vessel).

3.9 CONCLUSIONSFOR INDUSTRIAL VALIDATION

Anasense was validated at industrial scale and industrial environment in continuous
operation for two months. The main conclusion is that the sensor till needs some
improvements for improving its robustness. Perhaps, the most important point in terms of
effective applicability of the sensor is the need for developing a ssmple and cheap solid
removal and degasifying system which would be included as a component of the sensor
for wide application and for improvement of its robustness.

This industrial case study was devoted to evaluate the performance of the on-line
titrimetric analyser Anasense together with an approximate linear regression method and
the advanced BCS method. The main conclusion is that the sensor still needs some
changes to improve its robustness, especially in presence of highly charged cations, e.g.
calcium and iron ions. The approximate linear regression method (INRA method) was the
most simple and efficient for determining VFA and bicarbonate. The advanced BCS
method was highly affected by the titration noise and the presence of highly charged
cations that may have led to precipitation. However, the BCS method allowed to detect
al buffer components introduced to the system and reproduced most of the applied
dynamics and trends, necessary in view of control applications. In addition to bicarbonate
and VFA the BCS method determined ammonium and lactic acid concentrations. This
can be useful information in AD monitoring. Phosphorus was also detected by BCS but
determined phosphorus concentrations were not comparable to the reference
measurements due the possible presence of ferric ions dosed to the plant effluent and fast
precipitation of phosphorus before the titrimetric analysis could be completed. Due to
constraints at the industrial plant, the number of collected samples for a detailed reference
anaysis were limited. Also, it was not possible to perform the designed overload
experiment in a rigorous manner. Therefore, the obtained linear regression of different
methods with reference measurements must be considered with care when assessing the
methods’ linearity and accuracy. However, it can be seen as a reasonable interpretation of
the reproducibility of the results in the context of control applications.
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4. Sensor | mprovement

During the validation of the titrimetric analyzer at Estrella some adaptations to the design
of the analyzer were made at AppliTek:

A different type of burette is used for HCl dosing. The previous burette is
replaced by a more robust burette to avoid leaking problems.

A peristaltic drain pump is now used which is more robust and has proven
itsreliability.

The use of filtration has been studied and some types of filtration systems
can be used if needed for specific applications.

A bigger anaysis vessel is used in order to perform more easly
maintenance and calibration of the anayzer. Also, incoming solids now
have less effect on the analysis.
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