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CHAPTER 7

MONITORING AND CONTROL OF THE
NITROGEN SPECIES CONCENTRATION IN THE
EFFLUENT OF ClIIl

Foreword

An on-line system for the continuous determination of ammonium, nitrite and nitrate in
the reactor effluent will be implemented, allowing monitoring of the nitrifying efficiency under
steady state conditions as well as during perturbations. Concentration data in the effluent
are also required by the local nitrite control strategy, which was designed to minimise the
concentration of nitrite in the effluent of Clll. The application of the mathematical model
developed in previous chapters will also benefit from the availability of continuous
concentration data eventually, allowing the simulation of different scenarios and the

validation with experimental data.
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7.1 INTRODUCTION

The nitrifying pilot reactor of the MELISSA loop was designed to achieve total
conversion of NH," into NO3™.The efficiency of the nitrifying reactor was tested under
a wide range of operational conditions, and conversion rates close to 100% were
achieved with incoming ammonium loads of up to 1.28 g N-NH,"L"-d”". However,
under a number of unforeseen circumstances accumulation of nitrite or ammonium
may occur in CIlll. Some specific situations such as the decrease in the
concentration of dissolved oxygen may, for different reasons, prevent the
achievement of total nitrification, leading to the presence of nitrite or ammonium in
the effluent of CIII.

Masot (2007) studied the the performance of ClVa (Arthrospira platensis
compartment) using ammonium as a nitrogen source. It was concluded that
concentrations above 79 mg N-NH,"L" resulted in inhibition of the growth of

Arthrospira.

Nitrite is an unstable compound, which is toxic to humans at low
concentrations. Its presence in drinking water has been regulated by European
Community Directive 80/778/EEC, which states that the maximum admissible
concentration is 0.03 mg N-NO, L. Nitrite has also been reported to be toxic for
Arthrospira at high concentrations (Becker, 1994). However, experiments performed
at the MPP with continuous connection of Clll and CIVa (Creus, 2000), showed that
nitrite levels as high as those reported as inhibitory by Becker (1994) did not affect
the correct performance of the Arthrospira compartment. It was concluded that,
although nitrite can only be assimilated by Arthrospira up to a limited amount, higher
concentrations are not toxic to it in the presence of other nitrogen sources
(ammonia or nitrate). In these conditions, the excess of nitrite would simply be
washed out of the reactor and could reach the crew compartment via the biomass

used in food preparation and the recycled water.

The implementation of an on-line analysis system of the different nitrogen
species in CllI, would allow monitoring the reactor efficiency under steady state and
also during unforeseen perturbations. The toxic nature of nitrite requires the
continuous monitoring of this nitrogen species in ClII to provide the control system
with the required experimental data. Moreover, the absence of frequent, accurate
experimental data of ammonium, nitrite and nitrate in the effluent, was an important

limitation for the applicability of the model developed in Chapter 4 to the prediction
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of the dynamic state. The potential of the mathematical model will be significantly

improved with the availability of a continuous monitoring system.

7.1.1 NITROGEN SPECIES MONITORING STRATEGY

The different levels of ammonium, nitrite and nitrate occurring in Clll are
presented in Table 7.1. The trade-off to select the most suitable analysers to
monitor the concentration of ammonium, nitrite and nitrate in the effluent of Clll has
to be based on several factors: (i) Accuracy: the capacity to provide concentration
measurements, with a low deviation from the real value, both in the typical range,
and during the transient state following a perturbation; (ii) Precision or repeatability:
the capacity of a given analyser to produce the same measured value in two
consecutive analyses of the same sample, usually expressed in terms of relative
standard devition; (iii) frequency i.e. the duration of each analysis cycle; (iv) other
factors such as the maintenance requirements or the necessity to implement an on-
line dilution to achieve the required measure range were also taken into

consideration.

Table 7.1 Concentration ranges of the different nitrogen species in

compartment lll.
Nitroaen compound Normal operation Exceptional levels
J P (mg N-L") (mg N-L")
NH4* Inlet: 300-600 Inlet: >700
Effluent: 0-10 Effluent: >100
NO; 0-10 >50
NOs’ 300-600 <200
>700

Ammonium and nitrate detection has been broadly studied and on-line
analysis solutions based on different detection methods and analytical techniques
have become increasingly common. However, nitrite detection techniques have only
recently earned the necessary level of development required for their on-line
implementation (Moorcroft et al., 2001). At the time the first decisions were made in
the MELISSA project regarding monitoring of the nitrogen species in Clll, the vast
majority of the available analysers would not discern NO, from NOg’, providing only
a measurement of NO, (NO, + NOj’). Hence, the direct experimental measurement
of the nitrite concentration was initially discarded, and a new working strategy was
investigated, based on the indirect measurement of the nitrite concentration. The
proposed strategy consists of experimentally measuring the ammonium and nitrate
concentrations on-line and subsequently estimating the nitrite concentration. The

proposed nitrite estimator is based on a simplified approach of a more complex
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mathematical model developed by Blaise Pascal University (France) to describe the
Clll pilot reactor operation (Poughon et al., 1999). The predictor requires the
concentrations of all components of the liquid and gas phases entering the reactor,
the flow rate and the state of the system at a given sampling time (t). The complete
internal state at time (t) is then used to predict the behaviour of the nitrite
concentration along a prediction horizon (H, typically 10h). The calculation of the
nitrite concentration is directly affected by the sampling frequency, the accuracy and

the precision of the ammonium and nitrate analysis equipment.

The performance of the ammonium and nitrate analysers will be tested under
a number of experimental conditions to evaluate (i) the suitability of the analysers to
monitor ammonium and nitrate in the reactor effluent and (ii) the precision of the
obtained nitrite estimations and the feasibility of an indirect measure of the nitrite

concentration.

7.1.2 NITRITE CONTROL IN COMPARTMENT lii

One of the main objectives of the control strategy in Clll is to avoid nitrite
accumulation. The actions of the nitrite control system will be based either on the
experimental nitrite values provided by an on-line analyser or, in the case of the

indirect measurement of nitrite, on the values estimated by the model.

The initial decision to estimate the nitrite concentration in Clll led to the
development of a model-based predictive control strategy within the MELISSA
consortium (Sherpa Engineering, formerly ADERSA, France), as a key tool to
achieve nitrite control in Clll. The main features of model based predictive control
are (Richalet, 1993; Compas et al., 1994): (i) an internal model used for prediction,
(ii) a reference trajectory that connects the estimated controlled variable (nitrite) at
sampling time (t) to the future constraint, (iii) structured future manipulated variable
and algorithmic solver and (iv) compensation of the model mismatch i.e. the error
between the process and the model outputs. The predictive strategy designed for
the nitrite control in Clll is based on the estimation of the nitrite concentration
(controlled variable) and the subsequent actuation on the incoming flow rate
(manipulated variable). The principle of the nitrite control strategy (Figure 7.1) is
based on predicting the behaviour of the nitrite concentration on a horizon H
(typically 10 h) following a sampling time. Input concentrations of all species and
operational conditions at sampling time (t) are provided. The complete estimated
state at time t is used by the predictor to estimate the nitrite concentration along a

prediction horizon H (typically 10 h). The maximum value estimated between the
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sampling time (t) and the other extreme of the prediction horizon (t+H) is compared
to the constraint. The scenario is tested repeatedly with different values of the flow

rate until the nitrite extreme matches the constraint.

The display of the user interface where the actuation on the liquid flow rate

can be visualised is shown in Figure 7.2.
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Figure 7.1 Principle of the nitrite control in theMELISSA Clll (Adapted from Lobo
and Lasseur, 2003).

11 5615 AR
[ I i e e
._l.':ml.:-r-ln:. M o
000 Nisrme |
ied '::I Ll.'l!ILItI.-IFI.I.I.;- |.‘ A A ! A ;:.-
. e v = - I—::'—_'.'-, =11
: e o 2
::':J {Ii.'I:II L Sialywiieg |
T = e e mik
N e
=
T [iT1d] II b
i [ T T TR
r—— e
rrrnares 18 e
r Lgictyl i H

=F CORTE mrews werg sle |

i'_

— H
4
n

r_.
ajl

B a2 e
BRI AT cos T Emw wwicnw of CO0FID verem
= L 1 AL EICEpEE S -

Figure 7.2 Display of the liquid flow regulation user interface. The O,, NH; and
NO; measurements are present in the display, along with the NO, concentration
estimated by the nitrite predictor. The control action is applied to the input liquid

flow rate whenever required by the system.
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7.1.3 REVIEW OF ON-LINE ANALYSIS TECHNIQUES AND DETECTION
SYSTEMS

Analysers developed for on-line measurements in flowing liquids are based on
different principles. Among these techniques, Flow Injection Analysis (FIA) and
Continuous Flow Analysis (CFA) are the most common techniques in laboratory
analysis. Since the introduction of the FIA technique (Ruzicka et al, 1980) on-line
techniques have been widely implemented in process analysers and the use of
different on-line techniques on biotechnology processes is well documented (Ensafi
and Kazemzadeh, 1999; Christensen et al., 1996; Pirsing et al., 1996).

In general, any analytical property related to the amount of analyte in a
reproducible way is adequate to be implemented in these systems. The two analysis
systems implemented in the analysers utilised in this thesis are potentiometry and
spectrophotometry (the detection of the sample absorbance at a certain
wavelength). These are properties that depend selectively on the measured amount
of analyte in the sample, allowing determinations in which a previous separation
step is, in principle, not required. The conversion of either absorbance or potential
measurements performed by these analysers into concentration values is achieved

by means of a calibration procedure.

In order to evaluate the performance of an analyser the following parameters,
in addition to the previously mentioned accuracy and precision, have to be taken
into consideration: (i) Sensitivity, given by the slope of the calibration curve. A high
accuracy is obtained while measurements are performed in the linear range of the
calibration curve. A decrease in the sensitivity during operation is an indication of a
defective performance of the detection system, e.g. an ion selective electrode; (ii)
low detection limit, which is the lower concentration at which the analyte can be
distinguished from the interfering species present in the sample; (iii) response time,
i.e. the time elapsed until a stable value is achieved; (iv) interference from other
species present in the sample; (v) the optimal pH range of operation to avoid

interference.

7.2 OBJECTIVES

The main aim of this chapter is the implementation of on-line instrumentation
to monitor the concentration of ammonium, nitrite and nitrate in the effluent of CllI,

thus providing continuous on-line data of the nitrifying efficiency in the reactor. In
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order to achieve this final purpose, the following partial objectives have to be
fulfilled:

e Characterisation of the performance of the ammonium and nitrate

analysers and adaptation of their operation to the Clll sample matrix.

¢ On-line implementation and evaluation of the suitability of ammonium
and nitrate analysers based on solid-state ion selective electrodes to

monitor ammonium and nitrate in the reactor effluent.

o Evaluation of the feasibility of the estimation of the nitrite concentration
using the data provided by the on-line ammonium and nitrate analysis

instrumentation.

7.3 MATERIAL AND METHODS

7.3.1 OPERATIONAL CONDITIONS OF THE CIil PILOT REACTOR

The operational conditions in the reactor were kept constant during the
analyser testing period, only altering the liquid flow rate and input ammonium

concentration when required by the test specifications.

The aeration in the reactor was maintained at around 1.5 L-min™, which
ensured that the oxygen was not limiting at any stage during the tests. With this flow
rate, an average dissolved oxygen concentration of approximately 50% of saturation
was attained in the packed bed, with some fluctuations during the transient states
following a load step. The temperature was 28°C during all the experiments. The pH
value was controlled (7.8-8.2) using NaHCO; as base and CO, as acid. The

composition of the reactor feeding medium is presented in Table 7.2.

Table 7.2 Composition of the culture medium used in CIII. pH is set
to 8.1-8.2 with Na,CO3; MgS0O,4-7H,0 and CaCl,-2H,0 are sterilised
separately and subsequently added to the main solution.

Compound Concentration (g-L'1)
(NH4)2S0,4 1.32
FeSO47H0 0.0025
CuS04-5H,0 4-10°
Naz;HPO4 0.71
KH2PO4 0.68

(NH4)sM07024-4H,0 0.177
ZnS04 7H,0 4.310°
MgSQ4-7H20 0.052
CaCly2H,0 7.410™

NaHCO; 0.8
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7.3.2 DESCRIPTION OF THE NITRATE ANALYSER (AQUATEC S.A,
AQUANITRA®)

7.3.2.1 Detection system
The selected nitrate analyser (AQUATEC S.A., Aquanitra®) uses a solid state

lon Selective Electrode (ISE) as a detection system. Its on-line operation is based
on the Flow Injection Analysis (FIA) technique. An ISE is mainly composed of a
membrane containing elements that are selective to the analyte, coupled with an
internal reference that provides both sides of the membrane with a constant

potential.

AQUANITRA® uses a solid-state ISE, which only differs from a conventional
ISE in the absence of a liquid internal reference. In solid-state ISEs the liquid
internal reference is replaced with a conducting material, an epoxy resin, which is
deposited over the surface of the selective membrane providing a constant
potential. The composition of the membrane of the solid state ISE used by the
AQUANITRA® analyser (Beltran et al., 2002) can be found in Table 7.3.

Table 7.3 Composition of the selective membrane of the ISE of
the AQUANITRA® nitrate analyser (Beltran et al., 2002).

Compound Composition (%)

lonophore
(Tridodecyl-methyl-ammonium nitrate)

Plastifying agent
(2-nitrophenyl octyl ether)

PVC (high molecular weight) 32.5%

6.5%

61%

The relation between the concentration of the analyte and the potential (E)
detected by electrodes based on selective membranes is described by the
Nickolskii-Eisenman equation (Equation 7.2). This expression is based on the

Nernst equation (Equation 7.1) with an added term that allows the quantification of

the interference of the different ions present in the sample matrix. E° is the cell
constant; R is the universal gas constant (R=8.314 J-K":mol”), T is the absolute

temperature (K), z is the number of electrons transferred in the cell reaction or half-

reaction and F is the Faraday constant (F=9.648 C-mol™) ; K is the potentiometric

selectivity coefficient and can be described as the ratio analyte/interference below

which 100% of the response of the ISE is due to interference; a, and a, are the
activities of the analyte and the interferent ion; z,and z, are the charges of the

analyte and the interfering ion.
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RT
E=E°+——.log(a
= log (ay) 7.1
o RT A
E-E%+ _-log ax+zy:K§’(f’y-ay v 7.2

Activity (a,,a,) can be directly related to the ion concentration by means of
the activity coefficient (f;) through the Debye-Hlckel equation (Equation 7.3), where
z; is the charge of each ion and | is the ionic strength, which can be calculated by

means of Equation 7.4, and c; is the ion concentration.

2
logf, = 2212 V1 ol 7.3
1+
1=0.5-Yc, 22 7.4

The electrical signal generated by the nitrate ions in the selective electrode is
compared to that of a reference electrode (AgCI/Ag) giving a potential that is then
converted into a concentration value using the calibration curve obtained from
calibration with three nitrate standard solutions. The electrical potential due to the
presence of nitrate is compared to the base line potential given by the carrier and

the reagent modifier.

7.3.2.2 Interference

The use of ISEs makes it necessary to study the possible interferences
derived from the use of a potentiometric method. Although the selectivity of these
sensors is high, they are not specific, and thus the use of complex culture media

may have a negative effect on the performance of the ISE.

Interference from the different ions present in the culture medium fed to CllII
(Table 7.2) was studied for each of the analysers. Interference is usually due to ions
that have the same charge as the analyte (Sandblom et al., 1967; Egorov et al.,
1997). In addition to the compounds in Table 7.2, NO,” from partial oxidation is also
expected to interfere with the detection of NO3s™ and interference from HCOj' is very
likely to be present due to the further addition of Na,COj3; by the pH control system.
The interference of some of these species was studied during the characterisation
process of the nitrate analyser and will be addressed in further sections of this

chapter.
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7.3.2.3 Reagents

The use of a potentiometric method and more so, the use of a solid state
electrode, reduce the maintenance requirements of the analyser considerably. The
main reagents necessary for the operation of the on-line nitrate analyser
AQUANITRA® are listed below and were prepared following the indications of the
manufacturer’s instructions (AQUATEC S.A., 2002).

De-ionised water: used as the carrier continuously flowing through the

system during an analysis cycle.

Modifier reagent (Na,SO,): The modifier reagent is a solution with a high
buffer capacity as well as a high ionic strength. The use of a highly
concentrated Na,SO, increases the ionic strength of the sample and makes it
possible to establish a linear dependence of the measured electric potential
on the nitrate concentration. The concentration and pH of this solution are two
of the main parameters that need to be set in order to achieve a good
performance of the on-line nitrate analyser. The concentration and pH of this
solution were used to minimise the effect of possible interferences such as
HCOj, one of the main interferences encountered in the studied system. The
reagent is prepared by dissolving 14.25 g of Na,SO, in 1 L of MilliQ water.
The pH value must be adjusted to 2.3 by means of H,SO,. The final solution

should contain in addition 1 mg NOz-L™

Nitrate standard solution: three standard solutions are required, whose

concentrations are selected according to the required range of analysis.

7.3.2.4 Sample analysis and calibration

Before the start of normal operation with the nitrate on-line analyser a
calibration cycle needs to be carried out. This procedure takes place automatically
and consists of a three-point standard calibration performed with a frequency that
can be adjusted in the main display of the analyser. The standard solutions are
selected in such a way that the expected range of sample concentrations is

contained within this range.

An analysis cycle starts with the sample being injected into the system in
order to replace the sample remaining from previous analyses. Periods of time
within 0 and 600 seconds can be selected for this purpose, and a value for this

parameter should be selected according to the set-up of the sampling loop.
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A detailed scheme of the analyser and its main components is presented in
Figure 7.3. During operation of the analyser a continuous stream of de-ionised
water flows through the system while the standards and the sample are switched to
the main carrier flow by means of different electro valves. The carrier flow (de-
ionised water) containing the injected sample is subsequently pumped to a mixing
chamber, where a flow of modifier reagent (Na,SO,) is incorporated. The
concentration and pH of this solution are selected in such a way that the buffer
capacity is sufficient to avoid the effect of interfering species. The flow then goes
through a de-bubbling chamber, designed to remove any gas from the liquid flow
that might lead to incorrect measurements when the sample reaches the detection

system.

The analysis cycle starts with the main flow, which contains only the carrier
(de-ionised water) and the modifier reagent (Na,SO,), going through the nitrate ISE
and then through the reference electrode. Under these conditions the potential
between the two electrodes is measured and sent to the microprocessor, which
stores it as the base line potential. After this elapse of time, known as stabilisation
time, the sample is switched into the system by means of a valve, after which it
reaches the mixing chamber and subsequently becomes part of the main flow. The
homogenised flow finally flows through a de-bubbling chamber, where COs* and

HCOj present in the sample are removed as CO..
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Figure 7.3 Flow diagram of the on-line nitrate analyser (Aquanitra®).
Description of the main components.

The concentration of the samples is obtained as a function of the measured
potential peaks by means of Equation 7.5 where: V is the peak height in mV, K, is

the y-axis incercept in mV and K is the slope of the calibration curve in mV-dec™.
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The concentration value thus obtained is expressed in mg-L™". The conversion
between measured potentials and concentration is automatically performed by the

analyser with the information obtained from the calibration cycle.

VK,

C=10 %

7.5

7.3.3 DESCRIPTION OF THE AMMONIUM ANALYSER (AQUATEC S.A.,
AQUAMONIA®)

7.3.3.1 Detection system

The ammonium analyser is based on the same detection system as the nitrate
analyser i.e. the measurement of the electric potential generated by the ions present
in the sample is related to the analyte concentration through the Nickolskii-
Eisenman equation (Equation 7.2). The composition of the membrane of the solid
state ISE used by the AQUAMONIA® ammonium analyser (Alegret et al., 1989) is
described in Table 7.4.

Table 7.4 Composition of the selective membrane of the ISE of
the AQUAMONIA® ammonium analyser (Alegret et al., 1989).

Compound Composition (%)
lonophore 1%
Plastifying agent 67%
PVC (high molecular weight) 32%

7.3.3.2 Interference

The main species known to interfere with the NH," ISE are ions such as K"
and Na*, which have the same charge as the analyte. However, the configuration of
the AQUAMONIA® on-line analyser was designed to avoid any interference. The
sample is treated with a highly alkaline solution that causes the conversion of NH4"
into NH3, and the consequent separation from the dissolved single charged positive
ions. The gaseous NHj then flows through a selective membrane, after which the
pH is decreased again and the analyte is subsequently detected by the ISE as
NH,".

7.3.3.3 Reagents

The main reagents necessary for the operation of the on-line nitrate analyser
AQUAMONIA® are:
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De-ionised water: the sample is injected onto a de-ionised water flow that

acts as a carrier.

NaOH: A 1 N solution of NaOH was prepared by dissolving 40 g of NaOH in 1
L of MilliQ water. The role of this reagent is to increase the pH of the solution
so that NH," is transformed into NH3 and can flow through the gas selective

membrane, leaving interference behind.

Tris-hydroximethyl-amino-methane: A 0.01M solution of Tris at pH 7.4-7.5
was prepared by dissolving 1.21 g of Tris in 900 mL of MilliQ water and
subsequently setting the pH at a value between 7.4 and 7.5 with a solution of
50% HCI. The Tris solution is used to decrease the pH again once the alkaline
solution containing the gaseous NH3; has crossed the membrane, so that the

NH," present in the sample can be detected by the ammonium ISE.

Ammonium standard solutions: two ammonium standards carefully
selected according to the expected concentration of the sample are necessary

to perform the calibration of the analyser.

7.3.3.4 Sample analysis and calibration

Calibration of the Aquamonia® ammonium analyser is carried out by means of
two standard solutions of different concentrations. During calibration the standard
solution with the lowest concentration is first injected into the system and the peak
of potential is recorded by the microprocessor, as well as the maximum potential
given by the sample and the second standard solution. The concentration of the
samples can then be computed from the parameters obtained by this calibration

procedure.

When a sample analysis is programmed to start, the analyser automatically
opens the valve that supplies the carrier flow to the system and switches on the
peristaltic pump so that deionised water, the reagent modifier (0.01M Tris-
hydroximethyl-amino-methane with a pH=7.48) and 1M NaOH are pumped into the

system. A flow diagram of the analyser is shown in Figure 7.4.

After the sample is injected into the carrier, the flow is mixed with the sodium
hydroxide and it circulates counter-current with the Tris solution through a diffusion
chamber containing a gas selective membrane. During this first stage of the
analysis the potential between the ion selective electrode and the reference
electrode is measured and will constitute the baseline potential to which the signal

given by ammonium is compared when the sample flows through the system.
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After the stabilising time (set on the analyser display), the valve switches to
allow the sample flow into the system. As the sample is mixed with the sodium
hydroxide, the pH increases all the dissolved ammonium turning into ammonia. Part
of this gas crosses the gas permeable membrane and, as it flows through the
diffusion chamber, it is dissolved in the Tris solution (pH=7.48) and recovers its ionic
form, which can be detected by the electrode. The voltage between the reference
electrode and the ion selective electrode increases as the sample containing the
analyte (ammonium) reaches the detection system. The microprocessor records the
maximum achieved value of voltage between the two electrodes, which can be
visualised as a peak of voltage in the analyser screen. After the injection time the
valve switches back to the de-ionised water position so that the baseline is

recovered.
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Figure 7.4 Flow diagram of the on-line nitrate analyser (Aquamonia®).
Description of the main components.

In order to calculate the concentration, the microprocessor requires a
calibration procedure, which in this analyser is carried out by a two-point standard
calibration. The standards used for this calibration will be selected in such a way
that the interval of concentrations contains the expected concentration range of the
samples. The concentration of the samples can be calculated by means of Equation
7.6, where C stands for the NH,* concentration in mg-L'“; V represents the peak
height in mV; K, is the y-intercept in mV; K; is the slope of the calibration curve in
mV-decade™. As in the nitrate on-line analyser these units indicate that, by using
this modified constant, the concentration is directly obtained in mg-L'“, instead of
obtaining the logarithm of the concentration and subsequently calculating the

concentration value from it.
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C=10[%] _f 7.6

Finally, the parameter f (mg-L™") describes the loss of lineality of the ISE response at
low concentrations (Equation 7.7). When the analyser was developed, the possibility
to fit this parameter from experimental data was considered (Barquero, 2001).
However, it would have been necessary to use a third standard and thus increase
the calibration time of the analyser to estimate this parameter. Eventually it was
concluded that this parameter could be estimated as follows by taking into account

the properties of a FIA system concerning relative measurements.

_Ki

=10 7

7.3.4 MAINTENANCE REQUIREMENTS OF THE ION SELECTIVE
ELECTRODES

As previously discussed, optimal performance of an ion selective electrode is
defined by several parameters, the most important being: (i) low detection limit, (ii)
response time and (iii) precision. The evolution of these parameters over the lifetime
of the electrode can be used to define a protocol for the replacement of the
electrodes. Due to the operation of the ammonium and nitrate analysers being
based on the interpolation of potential measurements (mV) in a calibration curve,
the calibration procedure has a very important role in the correct performance of the

analyser.

As established by the Nickolskii-Eisemann equation (Equation 7.2), the slope
of the calibration curve has a constant value that gradually decreases because of
continuous operation of the analysers, eventually leading to a loss of sensitivity in
the concentration measurements. The adaptation of this equation to the specific
operation of the analysers AQUANITRA® and AQUAMONIA® is expressed by
Equations 7.5 and 7.6 respectively (AQUATEC S.A., 2001).

Electrodes should be replaced when the slope of the calibration curve reaches
a certain value that is established according to the accuracy requirements of the
application they are used for and to the recommendations given by the supplier. In
the case of CllI of the MPP, the analysers are used for control purposes, and thus a

high sensitivity is essential.

The protocol defined for the replacement of the ion selective electrodes was

thus based on two constraints: (i) the slope of the calibration curve that establishes
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the sensitivity of the concentration measurements and (ii) the maximum effective
operation time of the electrode. The values for these parameters were based on the
recommendations given by the analyser supplier and were modified during the
characterisation process in order to fulfil the requirements of operation in the MPP
(i.e. more conservative values were adopted to ensure accuracy of the results).
Following this protocol, the constraints were set for the correct performance of the
ammonium and nitrate ISEs (Table 7.5). The ISEs should be replaced as soon as
either the slope of the calibration curve or the maximum time established for each

electrode in Table 7.5 is exceeded.

The ammonium analyser has lower maintenance requirements concerning the
ion selective electrode than the nitrate analyser due to the use of a membrane that
prevents damaging the electrode. However, the membrane should be replaced once

every week to secure optimal performance of the equipment and the electrode.

Table 7.5 .Range of the calibration curve slope and electrode lifetime to
guarantee the correct performance of the ammonium and the nitrate on-line

analysers.
Analyser Slope calibration curve (K3) Electrode lifetime
Ammonium 40<K<80 6 months
Nitrate 45<K<65 2 months

7.3.5 NITRITE ANALYSER (APPLIKON® ANALYTICAL, ADI 2019 HD)

7.3.5.1 Detection method

All the commercial analysers evaluated during the trade-off that led to the final
selection of an on-line nitrite analyser were based on the implementation of the
same analytical method used for the detection of low nitrite concentrations i.e. the
azo-dye standard method (Clesceri et al., 1998).The main difference between the
evaluated analysers was the analytical technique used for on line implementation of

the chemical detection method, rather than the detection system they use.

The azo-dye method determines NO, through the formation of a reddish
purple azo-dye, produced under acidic conditions (pH 2.0 to 2.5), by coupling
diazotised sulphanilamide with N-(1-naphtyl)-ethylenediamine dihydrochloride

(NEDD) according to the reaction depicted in Figure 7.5.

This method allows the detection of nitrite concentrations that range from 10
to 1000 ug N-NO,-L™.
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Figure 7.5 Reactions leading to the formation of the detectable azo-dye.

7.3.5.2 Interference

The main dissolved compound known to cause interference with this method
is NCl3, which imparts a false red colour when the colour reagent is added to the
sample. In addition, the following ions interfere because of precipitation under test
conditions: Sb*, Au®*, Bi*, Fe*, Pb*, Hg?, Ag®, chloroplatinate (PtCls) and
metavanadate (VOs). None of these compounds is provided in the feed medium of
ClIl and thus interference is very unlikely to happen. However, several off line tests
were performed to evaluate the performance of the analyser with samples

containing all the compounds added to the Clll feed medium.

Any suspended solids present in the sample should also be removed by
filtration through a 0.45 um-pore-diameter membrane filter to avoid interference

when the sample reaches the detector.

7.3.5.3 Reagents

To ensure an accurate performance of the analyser it is important to take into
account the preparation protocol as well as the storage conditions applicable to
each one of the reagents and update the reagent solutions accordingly (Clesceri et
al., 1998).

NEDD Colour reagent: An aqueous solution is prepared by adding 100 mL
of 85% phosphoric acid and 10 g of sulphanilamide to 800 ml of water. After
completely dissolving the sulphanilamide, 1 g of NEDD and water are added
to reach a total volume of 1L. The NEDD colour reagent solution is stable for

approximately one month when stored in the dark at 4°C.

Sodium Oxalate: 0.025M sodium oxalate is prepared by dissolving the

required weight of Na,C,0,4 in 1000 mL of de-ionised water.
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Ferrous ammonium sulphate: 0.05M ferrous ammonium sulphate is
prepared by dissolving 19.607g Fe(NH4)2(S04),:6H,O and 20 mL of

concentrated H,SO, in water and diluting it to a total volume of 1000 mL.

Stock nitrite solution: A stock solution of nitrite must be prepared and
standardized. This stock solution is used to prepare standard solutions used

to calibrate the analysers.

7.3.5.4 Sample analysis and calibration

The tested nitrite analyser (Applikon® Analytical, ADI 2019 HD) had been
adapted for the detection of high nitrite concentrations, up to 20 mg N-NO,-L™". This
level of nitrite is above the detection range of the standard method described in
section 7.3.5.1, and thus a sample injection loop is used that makes it possible to
inject small amounts of sample (sampling loops of 0.2 mL and 0.5 mL were tested)
that are diluted using an automatic dilution system. The sample is introduced to the
analyser by means of an injection loop. This configuration reduces considerably the
amount of sample consumed by the nitrite analyser when compared to other

techniques such as Flow Injection Analysis (FIA).

The experimental layout of the ADI 2019 HD nitrite analyser is presented in
Figure 7.6. The analyser operates batchwise with the chemical reaction taking place
in the colorimetric cell that houses the mixing cuvette, the thermostat, a LED and
the detector. This configuration allows high precision additions as well as low
reagent and sample consumption. Addition of such a small amounts of sample is
made by installing an injection loop of the required volume, which is pumped into
the mixing cuvette where the reagents will be added. Dilution water can be added
either with a micro burette or with a peristaltic pump if the volume of dilution water

that needs to be added is larger.

Physically, the analyser consists of several modules (Figure 7.6) that are
assembled according to the required application. Reaction and the subsequent
colorimetric measurement take place in the cuvette module, which consists of a
reaction cell (cuvette), placed in a holder, where the analytical reagents and the
sample are added by means of different wet part modules such as pumps, pipettes
or burettes. The analyser uses a LED as a light source. The limited-bandwidth light
is partly absorbed by the solution and a photo-detector is then used to detect the
amount of light not absorbed by the solution, which is correlated with the nitrite

concentration present in the sample.
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Figure 7.6 Layout of the ADI-2019 heavy duty process analyser used to perfom
preliminary tests at the MPP.

Regular calibration of the analyser with nitrite standard solutions needs to be
performed periodically, depending on the conditions under which the analyser is
operated. The nitrite standard solution used for calibration has to be prepared from
a nitrite stock. The stock solution should be prepared with fresh reagent, to ensure
the absence of moisture, and should be protected from contact with air.
Standardization of the stock solution should be carried out before preparing the
standard solution to determine the NO, content. The number of standards used to
calibrate the analyser can be selected depending on the requirements of the
analysis. Standard solutions of different concentrations are prepared by automatic
dilution of a single standard by means of a burette module, allowing the

performance of automatic calibration at pre-set intervals.

The analysis cycle starts with the sample being supplied to the cuvette module
by the sampling system by means of a rotary type valve that has two positions. The
valve either allows the sample to flush the sample loop or switches a precise
amount of sample to the reaction cell. Dilution water is added at this point by means
of a peristaltic pump or a pipette (as previously mentioned, depending on the
required precision). The analyser configuration used in the tests presented in this
chapter was adapted for the measurement of nitrite concentration within a wide
range (0-20ppm) and hence the selection of a peristaltic pump as an addition
system instead of a pipette. Reagent solution was added to the cuvette by means of
a peristaltic pump. Rinsing and draining the cuvette module between sample

analyses were also carried out by two peristaltic pumps.
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7.4 RESULTS AND DISCUSSION

The selected ammonium and nitrate analysers, as described in section 7.3,
use solid state ISEs as the detection system, considerably reducing the reagent
consumption and the maintenance requirements of the analyser. Their performance
was carefully tested and optimised and the results will be presented in the following

sections of this chapter.

7.4.1 CHARACTERISATION OF THE AMMONIUM AND NITRATE
ANALYSERS

Due to the complexity of the matrix of the feed solution of CllI, there is a great
deal of possibility that some of the components of this medium may interfere with
the ISEs. Therefore, off-line testing was carried out using samples with different
known concentrations of ammonium and nitrate in order to characterise the
performance of the analysers. The potential interferences of the ammonium and
nitrate on-line analysers have been listed in previous sections of this chapter. The
actual compounds causing intereference will be identified for each analyser and the
levels leading to interference will be quantified. In addition, a solution will be
provided if necessary to avoid their effect guaranteeing the correct performance of

the analysers in their presence.

7.4.1.1 Ammonium analyser

The feed medium used in CIll contains several salts with single positive
charges (Na*, K*) that are likely to interfere with the NH," analysis, thus allowing the
assessment of potential interference. However, the configuration of the ammonium
analyser was designed to avoid the effect of interference. The ammonium (NH,")
dissolved in the sample is converted to NH3 gas by increasing the pH with a solution
of NaOH, and after flowing through a gas membrane the gas is dissolved in an acid
solution so that the NH,", free of interference, can be detected by the ammonium
ISE. To evaluate the efficiency of this configuration and the initial settings
programmed in the analyser and presented in Table 7.6, a series of tests was
carried out. The tests were performed over two different concentration intervals: 10-
50 mg N-NH,"-L™ (Figure 7.7) and 0.1-10 mg N-NH,*-L™" (Figure 7.8). The samples
used in these tests contained different concentrations of nitrite dissolved in a
solution with the same composition as the feed medium used in Clll (Chapter 3 ,
Table 3.1).
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The analyser was operated for a period of approximately two hours with each
solution (with a frequency of analysis of 16 minutes, 8 analysis were performed for
each sample over 2 hours). For operation in the higher range the analyser was
calibrated using standard solutions of 10 and 50 mg N-NH,*-L™" dissolved in distilled
water. In the lower concentration range, the two standard solutions used for

calibration contained 1 and 10 mg N-NH,*-L™" respectively.

Table 7.6 Set up of the different parameters of the ammonium analyser
during preliminary off-line tests performed with standard samples.

PARAMETER VALUE
Injection time 11s
Injection Volume 300 pL
pH conditioning solution 7.48
Concentation of TRIS 0.01 mol-L™

Oplimal measuring range (2-point calibration)
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Figure 7.7 Off-line experiments performed with AQUAMONIA® using a
solution with the same composition as the feed medium as a solvent,
instead of water. Calibration standards 10 and 50 mg N-NH, L™

The repeatability of the measurements, in terms of relative standard deviation,
has a maximum value of 3.5%, with the most common value being around 2% for
both concentration ranges. The accuracy of the measurements is between 0.7%
and 5.5% of deviation from the theoretical concentration in the higher range and

slightly higher (between 1.5% and 14%) in the low range.

During these tests no interference was detected. However, this preliminary

evaluation underscored the importance of a good selection of both standard
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solutions used for calibration.The calibration range should be adjusted according to
the expected range of concentration expected in the sample. The two standard
solutions used for calibration should not differ by more than one order of magnitude.
Later testing periods proved the good accuracy and repeatability of this analyser at
concentration ranges below 1 mg N-NH," L™ during normal on-line operation with

the reactor
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Figure 7.8 Off-line experiments performed with AQUAMONIA® using a
solution with the same composition as the feed medium as a solvent,
instead of water. Calibration standards 1 and 10 mg N-NH,*-L™.

7.4.1.2 Nitrate analyser: evaluation and compensation of

interference effect on the nitrate ISE

In order to identify interference from different species, the total amount of each
one of the compounds as well as effect of pH must be taken into account. The
nitrate analyser has been developed to avoid interference from the most common
ionic species known to interfere with the nitrate ISE: nitrite (NO;") or bicarbonate
(HCO3).

The HCOj3; concentration cannot be maintained within a constant range of
values during reactor operation, due to the additions of Na,CO; carried out by the
pH control system. The addition is not constant and it depends on the operational
conditions of the reactor, such as ammonium load or flow rate, which determine the
quantities of acid (CO,) or base (Na,CO3;) required to maintain the pH in the optimal
range of 8.0-8.2.
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In order to minimise HCOj interference, the pH of the Na,SO, modifier
reagent was set to 2.3, which according to Figure 7.9 minimises the presence of

HCOj in the carbonate equilibrium. Under these conditions, the estimated value of

the selectivity coefficient (Kﬁ‘ngCO,, Equation 7.2) was 0.061. This value of the

selectivity constant leads to a maximum admissible ratio between HCO3™ and NO;of

3 mg HCO3/ mg N-NOj in order for the relative error of the measured nitrate

concentration to remain under 5%.
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Figure 7.9 Dominance (Bjerrum) plot of carbonate species in solution
as a function of pH, at temperature 28°C and P=1atm.

On the other hand, interference due to nitrite was not expected to be
significant, as its concentration usually remains below 10 mg N-NO, L" during
normal operation of Clll. Results from previous studies performed with high nitrite
levels and provided by the analyser suppliers (AQUATEC S.A., Spain) concluded
that the optimal pH of the conditioning solution (Na,SO,) should be set to a value of

4 in order to minimise nitrite interference. When the sample was buffered at pH=2.3

(the optimal value to avoid HCOj' interference), the selectivity coefficient (KZ‘S,_NO, )

was 0.55. This value indicates that the nitrate concentration should always remain
at least 6 times higher than that of nitrite in order to obtain errors lower than 8%.
According to this estimation and assuming the typical range of nitrogen load in the
reactor, the highest nitrite concentrations that the samples can contain while still
avoiding a deviation > 7% are presented in Table 7.7 alongside the admissible limits
of HCOs5'.
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Table 7.7 Bicarbonate and nitrite limits within the normal range of nitrate
concentration in ClIl. Values obtained with the analyser configuration optimised for
the minimisation of the HCOj' interference (i.e. pH=2.3).

Nitrate concentration Admissible HCO;" Admissible NO
(mg N-NO,-L™") concentration (mg HCOs-L™") concentration (mg N-NO,-L™")
300 937 66
600 1875 131

Chloride (CI'), which is one of the main interferences of the nitrate ISE, was
not a big issue in the present application due to the low ratio CI/NO;3" present in the
samples. The concentration of CaCl,-:2H,O contained in the culture medium Table
7.2) leads to a concentration of chloride of 0.35 mg CI"L™. The nitrate concentration
in the outlet of the nitrifying reactor of the MELISSA pilot plant is in the range of 270-
587 mg N-NOs;-L"', ie. ca. 10* times higher than that of chloride. In these
conditions, it is safe to state that, even with a high value of the selectivity coefficient,

no significant interference from chloride should be expected.

The selectivity coefficient for different nitrate selective electrodes ranges

between Kﬁl‘g, o =0.01 and 0.03. Assuming a selectivity coefficient of 0.02, the
-

response of the electrode to the chloride ion is 50 times lower than the response
due to nitrate, i.e. only when the chloride concentration is 50 times higher than that
of nitrate, the response of the ISE would be mainly due to interference. It was
estimated that the chloride concentration should be kept below the expected nitrate
concentration in order to avoid interference, which was far from the levels reached

in the studied system.

7.4.1.3 Optimisation of the operational conditions of the nitrate

analyser

During preliminary tests on a prototype analyser, the concentration of the
modifier reagent solution was set to 0.5M Na,SO,, 10°M NO; and pH=2.3. Once
the nitrate analyser was installed in the premises of the MPP, a new study was
conducted with the goal of fine-tuning the concentration of the conditioning solution

concentration (Na,SQO,) and the injection time of the sample.

A long injection time was found to confer higher stability to the electric signal
detected by the selective electrode, due to the fact that a higher sample volume was
injected and the potential was measured with higher reliability. However, the longer
contact time of the solution with the sensor substantially reduced the lifetime of the
nitrate ISE.
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The tests performed with different values of the injection time showed that an
increase of the injection time led to higher deviation from the theoretical
concentration of the sample. With a constant Na,SO, concentration of 0.5M, the
injection time was progressively decreased from 100 s down to 11 s. An

improvement the accuracy of the analysis was observed with lower injection times.

The accuracy of the measurements was also found to improve with increasing
Na,SO, concentration. A reagent solution concentration of 1M Na,SO, produced the
best results. However, the use of this concentration of sodium sulphate was avoided
to prevent problems such as precipitation or clogging of the reference and the NO3

ISE due to the high concentration of the salt.

A compromise was finally attained by selecting a Na,SO, concentration of
0.75 M with an injection time of 11 s. Once the optimal conditions had been
established, the analyser was tested with real samples from CIIl. The values of all

required analyser parameters are summarised in Table 7.8.

Table 7.8 Set up of the different parameters of the nitrate analyser
concluded during preliminary tests performed with standard samples.

PARAMETER VALUE
Injection time 11s
Injection Volume 200 pL
pH conditioning solution 2.3
Na;SO, concentration 0.75M Na,SO, + 10°M NaNO3

To evaluate the accuracy of the on-line measurements with real samples, the
results were compared to a selected reference method (LCK339, Dr. Lange,
Germany). The average deviation given by this reference method when working
with samples dissolved in fresh nitrifying medium was found to be around 18%

(including the error due to required dilution).

This value of the error leads to the confidence interval of 83% presented in
Figure 7.10. All measurements performed with the Aquanitra analyser are included
within the confidence interval of the reference method. The typical deviation for the

results obtained with the on-line nitrate analyser was found to be 6-9%.
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Figure 7.10 Tests performed off-line with real samples from the reactor over
different periods of time. The dashed line symbolises the confidence interval
(83%) of the reference method (Dr Lange, Germany).

7.4.2 ON-LINE IMPLEMENTATION OF THE AMMONIUM AND NITRATE
ANALYSERS

7.4.2.1 Experimental set-up

On-line monitoring of the nitrogen species in the effluent of Clll should
guarantee the correct detection of the transient states as well as measuring the
concentration under steady state conditions. Therefore, it is essential not only that
the values provided by the analysers have a high repeatability and accuracy, but
also that the delay between sampling and the performance of the analysis cycle is
minimised. Only then does the concentration value provided by the analyser

represent an exact picture of the system at sampling time.

The effluent of ClII is obtained with an important fraction of gas, and thus a
gas-liquid separation step is required before the sample enters the analysis loop
preventing a good performance of the analysers. Modifications in the reactor
hardware have been foreseen to overcome these limitations (Chapter 8). However,
due to the time consuming start-up process of this packed bed reactor, the testing
period of the analysers was carried out with the available hardware and taking
special care in not to alter the axenicity in the reactor. A provisional system
consisting of a small sterile buffer tank (25 mL) was installed at the outlet of the pilot

reactor allowing the separation of the liquid and gas phases (Figure 7.11).
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Figure 7.11 Configuration of the sample extraction system and the
analysis loop in the effluent of ClII.

In order to obtain a sample free of biomass, once the liquid phase had been
separated from the gas phase, a filtration step was performed before the sample
was pumped to the analysers. The filtration step was intended to keep the axenic
conditions in the reactor and, at the same time, to avoid biomass growth and
consequent degradation in the tubing of the analysis loop. Initially an Opticap®
disposable filter (Millipore, USA) filter with a pore size of 0.22 um was used.
However, the high liquid retention in this filter (approximately 75 mL) incorporated a
very high dead time in the filtration step. Therefore, the 0.22 um filter was replaced
with a filtration unit consisting of an autoclavable 5 mL Nalgene polysulfone filter
holder (Thermo Fisher Scientific, UK) coupled with a 0.22 um filter (Millipore, USA)
that was replaced periodically, under axenic conditions, in order to avoid clogging
(Figure 7.12). The filtration cell was duplicated to allow its replacement when

necessary without altering the frequency of the analysis cycles.

The liquid sample thus obtained from the gas-liquid separator is
subsequently filtered before entering the analysis loop. In order to avoid cross
contamination between samples the analysis loop is flushed with new sample
before a new analysis cycle is started. However, the sample consumption needs to

be minimised.
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Figure 7.12 Filter used to test the performance of the analysers
connected on-line to the pilot reactor of Clll. The set-up was conceived
as a provisional way of minimising the dead time in the analysis circuit.

7.4.2.2 Sample consumption and dead time estimation

Sample consumption is a critical issue due to the use of the effluent of Clll in
the subsequent compartments of the MELiISSA loop. Besides, the experimental
concentration data provided by the ammonium and nitrate analysers will be used for
control purposes and thus it is essential that these values are representative of the
measured state at a certain sampling time i.e. the dead time must be minimised. In
order to minimise the dead time as well as the sample consumption it is essential to
decrease the dead volumes in the sampling loop as much as possible by reducing
the diameter of all tubing and minimising the distance between the sampling point
and the analysers. By solving the mass balances in the reactor and in the different
elements of the sampling loop, the response time of the analysis system can be
estimated. The total sample requirements both for the ammonium and for the nitrate
analysers, including the volume required to replace the remaining sample from the
previous analysis, are summarised in Table 7.9. The sample requirements are
affected by the settings of a number of parameters that will need to be tuned

according to the system demands:

= [|nitial time: During this period of time prior to the actual analysis, sample
flows through the analysis loop in order to replace the remaining sample
from the previous analysis cycle. During this elapse of time the sample does

not reach the detection system (i.e. the ammonium or the nitrate ISE).

= Stabilising time: de-ionised water flows through the analyser in order to
stabilise the electrode before each analysis. This step ensures that the

baseline is correctly set-up when a new analysis starts.

= Injection time: the sample is injected into the detection system in order to
obtain the maximum potential value from which the concentration is

computed.
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It is important to optimise these different time parameters to achieve the best
possible performance. While the initial time has been set to the highest possible
value in order to replace the sample remaining in the system, it is also important to
take into account that, as the injection time increases, there is a negative effect on
the lifetime of the electrode as well as a significant increase on the sample

consumption, both of which should be avoided.

Table 7.9 Settings of the main parameters of the on-line ammonium and nitrate analysers.
Sample and reagent consumption.

AQUANITRA AQUAMONIA
Total analysis time 16 min Total analysis time 16 min
Initial time 5 min Initial time 5 min
Stabilisation time 4 min Stabilisation time 4 min
Injection time 11s Injection time 11s
Time elapsed 4 min Time elapsed 4 min

between samples

Total sample
volume/ analysis

Na,SO4
Deionised water

Nitrate standards

6 mL/ analysis

7 mL/ analysis
21 mL/ calibration

7 mL/ analysis
21 mL/ calibration

0.5 mL/calibration

between samples

Total sample
volume/ analysis

TRIS-HCI
Deionised water
NaOH

Ammonium
standards

9.5 mL/ analysis

4 mL/ analysis
16 mL/ calibration cycle

8 mL/ analysis
32 mL/ calibration cycle

2 mL/ analysis
8 mL/ calibration

7.5 mL/calibration

The residence time in the buffer tank used for phase-separation purposes is
determined by the flow rate at which the nitrifying reactor is operated, and thus the
dead time in the buffer tank can be estimated as a function of the volume of buffer
tank used a gas-liquid separator (V.. ) and the flow rate in Clll (Qcy, ) according to
Equation 7.8. Taking into account the normal range of flow rate in the reactor (0.15
L-h-1-0.6 L-h-1) and using a 25 mL buffer tank, the value of the dead time in the
gas-liquid separation step ranged between 10 min and 2.5 min.

Vbuffer Vbuffer

Thuffer = = 7.8
QCIII QCIVa + Qanalysers

In order to evaluate the dead time due to the sample filtration step, the total
sample flow rate pumped through the two analysers during the analysis cycle was
calculated. For this calculation it was assumed that the analysis cycles of both
analysers took place simultaneously and that the analysers were operated with the
configuration presented in Table 7.9. By solving the mass balances in the filter the

delay due to the filter could be calculated (Equation 7.9).
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_ Vfilter 7.9

Tilter
Qanalysers

The volume of all the tubing used to carry the sample from the reactor outlet to
the analyser must also be estimated so that its dead time can be taken into account.
As previously mentioned, one of the ways to reduce the dead time is by minimising
the distance between the sampling point and the analyser. The dead time due to the
capillary tubing connecting the analyser to the reactor outlet can be calculated by

means of Equation 7.10, where Ag is the cross sectional area of the capillary tubing

connection;L is the total length of the tubing and Q,,ysers iS the total sample flow

rate required by the two analysers operating simultaneously.

Agl
Ttubing = 7Qanalysers 7.10

The results of the dead time estimation in the different elements of the

analysis loop are presented in Table 7.10. The total dead time with the configuration

of the sampling loop used in this preliminary study ranged between 4.4 min and

11.9 min. Improvements are foreseen in the reactor liquid sampling system (Chapter

8) in order to minimise the dead time in the sampling loop and the sample

consumption. Therefore, it can be stated at this point that on-line monitoring of both

ammonium and nitrate in the effluent of Clll has been satisfactorily resolved.

Table 7.10 Description of the main elements of the connection between the
reactor and the nitrogen analysis loop.

Element (f‘:f_‘f"m’i?“.?) "iq”if'm"l_‘;'“me Dead time (min)
Reactor 25-10 3800 -
Ammonium analyser 1.8 - -
Nitrate analyser 1.15 - -
Gas-liquid separator 25-10 25 10-25
Filter 2.95 51 1.7
Tubing (Di=0.4 mm) 2.95 0.5 0.17

7.4.3 VALIDATION OF THE NITRITE ESTIMATOR

During the early stages of its development, the nitrite predictor performance
had been validated with experimental off-line measurements of ammonium and
nitrate concentration obtained during a set of experiments performed with different
levels of oxygen limitation, i.e. the performance during a period of high nitrite

accumulation was tested.
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After the installation of the ammonium and nitrate on-line equipment, a
second validation process became necessary to evaluate the performance of the
predictor in this new scenario. The predictor was validated by imposing a set of
different disturbances in process variables. The performance of the ammonium and
nitrate analysers was then studied and the suitability of the results for use in

conjunction with the nitrite predictor was evaluated.

7.4.3.1 On-line analysers settings

The main operating parameters of the analysers (frequency of analysis,
injection volume, injection time, concentration of the different reagents) used during
this set of experiments are the result of previous studies performed off-line in the
MPP to characterise their performance in the required operational conditions
(section 7.4.1). The values that were eventually assigned to the different parameters
are summarised in Table 7.11. Other parameters such as the stabilisation time or
the initial time, required to remove the sample from previous analyses and to
stabilise the baseline, are subject to change depending on the final configuration of
the CIll hardware and the sampling loop i.e. the distance between the reactor and

the analysers once installed in their final position in the new location of the MPP.

Table 7.11 Optimised operating conditions for the ammonium and nitrate on-line analysers.

AMMONIUM ANALYSER NITRATE ANALYSER
Frequency of analysis 16 min Frequency of analysis 16 min
Injection Volume 300 pL Injection Volume 200 pL
Injection Time 11s Injection Time 11s
pH conditioning reagent 7.48 pH conditioning reagent 23
(TRIS) (NazS0g)

Concentration TRIS 0.01 mol-L™ Concentration NaxSO4 0.75 mol-L™

7.4.3.2 Validation tests

The validation of the nitrite predictor with the measurements provided by the
ammonium and nitrate on-line analysers was carried out during a late stage of the
reactor operation, approximately 4 years after start up. The steady state attained in
the reactor after long term continuous operation provides a suitable scenario for the

validation of the nitrite predictor in conditions of low nitrite accumulation.

Two main parameters are changed in the set of experiments proposed for the
validation of the nitrite predictor: (i) the ammonium input concentration and (ii) the
residence time used in the reactor.Three stepwise increases in flow rate were
performed (3.6 L-d" to 6 L-d”", 6 L-d" to 9.6 L-d” and 9.6 L-d”" to 14.4 L-d™") followed

by one step down (from 14.4 L-d" back to 3.6 L-d"). A constant ammonium
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concentration in the feeding medium of 300 mg N-NH,"L™" was maintained during
these experiments. Following the steps in flow rate, and keeping the input flow rate
constant at 3.6 L-d™", a step in the input ammonium concentration was done from the
initial concentration of 300 mg N-NH,"L" up to 600 mg N-NH,"L™". The steps

described above are depicted in Figure 7.13.
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Figure 7.13 Operating conditions imposed to the CllI pilot reactor for the
validation of the nitrite predictor. The solid line indicates the steps of flow
rate. The dashed line indicates the ammonium concentration.

The sampling frequency was established at the beginning of this set of
experiments and was kept constant throughout. The lowest frequency required is
governed by a correlation between the nitrite concentration and the ammonium and
nitrate concentrations as established by the nitrite predictor. The sampling period
was adjusted according to the residence time used in the reactor, lower residence

times leading to lower sampling frequencies.

A minimum sampling frequency of 30 min was established to ensure that (i)
the sampling frequency does not become limiting in the correct performance of the
control system and (ii) the selected sampling frequency is adequate under all the
different tested operational conditions. Since both the ammonium and nitrate
analysers were capable of performing one analysis cycle every 16 min, this was the

selected sampling frequency used for the validation tests.

The ammonium, nitrite and nitrate concentration values obtained off-line by
means of ready to use probes (Dr Lange, Germany) are represented alongside the

results obtained with the on-line ammonium and nitrate analysers. Concentration

174



CHAPTER 7 —Monitoring of the nitrogen species in CllI

data generated by the analysers were registered at intervals of 60s by the MELISSA
General Purpose Station (GPS).

The first of the perturbations used on the system consisted of increasing the
liquid flow rate from 3.6 L-d™ to 6 L-d”. In these conditions the nitrite peak reached
during the transient state was around 0.4 mg N-NO,"L™ (Figure 7.14A). The on-line
analyser measured the nitrate concentration with an estimated repeatability of
around 16%. Ammonium measurements were obtained with relative standard

deviation values that ranged between 3% and 8%.

Similar results were obtained in terms of accuracy and relative standard
deviation for the rest of the validation tests carried out with different flow rate steps
(Figure 7.14B and C). The analysers correctly monitored the evolution of the
ammonium and the nitrate concentrations over the transient state as well as during
the steady state with acceptable accuracy. However, the amplitude of the noise is

rather high, most importantly in the nitrate measurements.

The last of the experiments planned for the validation of the nitrite predictor
was a step in the incoming ammonium concentration, keeping a constant flow rate,
from an initial value of 300 mg N-NH,"L™" to 600 mg N-NH,*-L" (Figure 7.14D). A
good correlation between on-line data and the off-line reference method was
observed during both the transient state and the steady state. Again the on-line
measurements correctly predicted the increase in the NOj; concentration in the
reactor outlet However, the repeatability in the nitrate measurements (relative
standard deviation of 10-15%) was again too low to guarantee an admissible noise
in the estimated NO,™ concentration. The high noise levels in the estimated nitrite
concentration are expected to produce a significant oscillation of the manipulated

variable (flow rate) once the control law was implemented.

7.4.3.3 Efficiency and robustness of the nitrite predictor

The accuracy of the main parameters and the noise in the data of the main
measured variables (dissolved oxygen, ammonium and nitrate) play important roles
in the stability of the nitrite estimations. Inaccurate values could compromise the

robustness of the nitrite control.

A sensitivity study performed by Sherpa Engineering (France) showed that the
estimator has a high sensitivity towards the noise in the NH;" and NOjs
measurements. The noise of the estimated nitrite concentration in the effluent is
amplified by the required calculations, leading to a noise of 10% of the mean value

when the ammonium and nitrate measurements are estimated with a relative
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standard deviation of 0.5%. From simulations performed with different levels of
noise, it was concluded that a relative standard deviation in the ammonium and
nitrate measurements as high as 5% was acceptable. Significantly higher
amplitudes of the noise would lead to unstable behaviour of the manipulated
variable (flow rate), which would constantly oscillate between 0 and the requested
value. According to this sensitivity analysis, a relative standard deviation of up to 5%
in the NH,;* and NOs; measurements would be acceptable. The ammonium
measurements obtained during the validation tests would thus fulfil this requirement.
However, the significant noise of the nitrate measurements (around 15%) would
compromise the correct estimation of the nitrite concentration by means of the nitrite
predictor.
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Figure 7.14 Time courses of the ammonium, nitrite and nitrate concentrations in the
effluent. (A) during a step in the flow rate from 3.6 to 6 Ld™; (B) during a ste1p in the flow
rate from 5 t0 9.6 L-d™"; (C) during a step in the flow rate from 9.6 to 14.4 L-d" followed by
a subsequent decrease to 3.6 L-d™ and (D) during a step in the ammonium concentration
in the input from 300 to 600 mg N-NH,"L"'. The ammonium and nitrate results obtained
with the tested on-line analysers are represented next to the off-line measurements of
ammonium, nitrite and nitrate carried out periodically using Dr Lange test tubes.
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The ammonium and nitrate experimental data were first used to test the
efficiency of the internal model used by the control system to predict the nitrite
concentration. Ammonium and nitrate estimations were found to be in agreement
with the experimental results. However, the nitrite concentration value was
overestimated in the steady state and the experimental nitrite concentration peak
observed in the transient states following an ammonium load step was lower than

the predicted peak and decreased faster.

This discrepancy could be due to the fact that the nitrite predictor had
previously been calibrated using off-line experimental data obtained during a period
of oxygen limitation, with a consequent nitrite accumulation. In order to achieve a
higher accuracy in the nitrite concentration estimation, the tuning of the different
parameters should be improved to ensure a good performance under a wider range

of operational conditions.

The experiments presented above also provide evidence of the noise of the
ammonium and nitrate measurements. Noise amplitudes above 5% in the
ammonium and nitrate measurements are above the acceptable values for the use

of the nitrite predictor.

An experiment carried out to evaluate the response of the control system
demonstrated that, as foreseen, the high noise in the nitrite estimation makes the
estimator inefficient. The experiment consisted of a step in the requested flow rate
from 0.4 L-h™ to 0.6 L-h™", with a constant NO, constraint of 4 mg N-NO,-L™. High
amplitude noise was observed in the manipulated variable, i.e. the flow rate, so that

this variable tends to its requested value very slowly (Figure 7.15).

The use of a Kalman filter was proposed in order to balance the weight of the
measurements at the input of the nitrite estimator. A Kalman filter is calibrated
based on the characteristics of the noise signals of the measrurements and was
expected to improve the performance of the nitrite predictor. However, the use of
the filter was not sufficient to compensate the inaccuracy in the prediction of the
NO, concentration, due to the number of other parameters that affected its

estimation.
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Figure 7.15 Test for the evaluation of the control system response.

7.44 DIRECT ON-LINE MEASUREMENT OF THE NITRITE
CONCENTRATION IN Clll

The accuracy and repeatability of the ammonium and nitrate measurements
obtained with a system based on ISEs were not good enough for the correct
performance of the nitrite predictor, particularly when the system was working under
low nitrite accumulation conditions. In conclusion, the first working hypothesis for
the on-line nitrite concentration analysis proved to be unsuccessful for fine tuning
control of nitrite in ClII.

The low precision of the nitrite estimations requires the installation of an on-
line nitrite analyser for the direct monitoring of this nitrogen species in the effluent of
CIII with high accuracy. Therefore, the combined data of the ammonium and nitrate
analysers will mainly be used to monitor the global nitrification efficiency in the

reactor, while a new analyser will be installed for the direct on-line analysis of nitrite.

7.4.4.1 Technical requirements for the on-line nitrite analyser

The results obtained from the experiments performed at the MPP (section
7.4.3.2) for the validation of the nitrite predictor software developed by SHERPA

Engineering (France) provided some useful information on the requirements for the
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measurement of nitrite. The analysis of these results yielded a number of
requirements regarding the accuracy, measurement range and sampling frequency
that an adequate analyser should have. These requirements are summarised in
Table 7.12.

The range of measurement was selected by taking into account that the
analyser should be able to measure the nitrite concentration not only under normal
operational conditions (low range) but also during irregular operation or transient

states following a load increase (high range).

The optimal configuration should allow for the monitoring of the nitrite peak
indicating a transient state up to the highest possible concentration, that was fixed
at 20 mgN-NO,-L™. To this end, the optimal configuration should allow for the
monitoring of nitrite from a regular value of below 0.01 mg N-NO,--L" up to 20 mg
N-NO,"L™. It must be underscored that the optimisation of the analyser performance
at high concentration ranges may result in a decrease in the accuracy of the

equipment when working at lower ranges.

Table 7.12 Requirements for the on-line nitrite analyser.

Range of measurement Accuracy Response time
0.02-0.5 mg N-NO,L™
0.5-20 mg N-NO,-L™

5%-10% Maximum 12 min

In addition to the usual constraints predetermined by the control system
(frequency of analysis, repeatability, accuracy), other considerations dealing with
the operational conditions and limitations of the process need to be taken into

account (range of measurement, sample consumption).
7.4.5 PRELIMINARY TESTS WITH A PROTOTYPE ANALYSER

A number of samples containing different nitrite concentrations within the
requested measurement range (0-20 mg N-NO,-L") in a matrix with the same
composition as the culture medium used in Clll plus an excess of either HCOj3; or
NO; was analysed. The aim of these tests was to identify the potential interference
by any of these two species that are present at a high concentration in the samples
from the nitrifying reactor and might have an effect on nitrite determination at certain

levels.

The composition of the different samples is listed in Figure 7.2: samples A-F
contain 600 mg N-NO5-L™", 580 mg HCO;-L™" and different concentrations of nitrite

dissolved in the same sample matrix as the feeding medium while samples 1-4
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contain 300 mg N-NO;-L™" and 1160 mg HCO5"L™. These two sets of samples were
used to evaluate the possible interference from high nitrate concentrations and from

bicarbonate respectively.

Table 7.13 Composition of the samples used for the
preliminary tests performed with a nitrite analyser prototype.
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7.4.5.1 Results obtained with a 0.2 mL injection loop

The prototype nitrite process analyser used to perform these tests had been
adapted for the determination of this compound in a wide concentration range (0-20
mg N-NO,-L™"). Due to the wide measuring range that had to be covered, the
volume of dilution water added in each analysis was rather high (17 mL dilution
water / 0.2 mL sample). Nitrite concentration measurements were obtained with an

accuracy between 5% and 9% for samples in the range 1-10 mg N-NO, L™ (Figure
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7.16A and Figure 7.16B). However, the accuracy obtained at concentrations below
0.5 ppm N-NO, was much lower, as can be observed in Figure 7.16C and Figure
7.16D.
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Figure 7.16 Tests performed with the Applikon ADI2019 nitrite process analyser
using a 0.1 mL injection loop. (A) samples diluted in water (B) samples containing the
same composition as the feeding medium. (C) Samples diluted in water, zoomed in at
lower concentration range (D) samples containing the same composition as the
feeding medium, zoomed in at lower concentration range.

7.4.5.2 Results obtained with 0.5mL injection loop

The observed lack of accuracy at the low concentration range was attributed
to the dilution conditions imposed by the high value of the maximum concentration
range that was set as a target. Therefore, it should be possible to attain a higher
accuracy by narrowing the concentration range. To this effect, a sample loop with a
volume of 0.5 mL was used instead of the 0.2 mL loop used in the previous tests.
Finally, a second batch of test samples containing the same nitrite concentrations
were used and the analyser was calibrated using a standard of 0.05 mg N-NO,L™

in order to optimise its performance within the range 0-0.5 ppm N-NO;".
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By implementing these changes, the dilution was reduced 10 times (from
1/100 to 1/10). As in previous tests, the samples were prepared in a solution
containing all the components of CllIlI feeding medium and also in water, in order to
check the influence of potential interferences on the analysis error, and to

discriminate the error due to the dilution from that due to potential interferences.

The results are provided in Figure 7.17A (samples prepared in water). And
Figure 7.17B (samples prepared in Clll medium). Although a linear trend is
observed for the complete range, when the data at the lower concentrations are
examined in detail, the error increases to a high level. The results are similar when
a full solution with all the compounds present in Clll medium was used in the
preparation of the samples, or when only water is employed, thus suggesting that
the observed error at low concentrations can not, in principle, be attributed to the

possible interferences of any compound present in the liquid medium.
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Figure 7.17 Tests performed with the Applikon ADI2019 process analyser using a 0.5
mL injection loop. (A) samples diluted in water (B) samples containing the same
composition as the feeding medium.

7.4.5.3 Analysis of the results: deviation between experimental

and theoretical concentrations.

The evolution of the relative error of the results obtained with the Applikon
analyser is shown in Figure 7.18A for the range between 0-20 mg N-NO,-L™" (using
the 0.5 mL sampling loop i.e. a dilution of 1/10) and Figure 7.18B for the range
between 0-0.5 mg N-NO,-L™" (using a 0.1 mL sampling loop) It can be clearly
observed how the error increases exponentially at concentrations below 0.1 mg N-
NO, L.
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When the results of the analysis of nitrite standards prepared using the culture
medium were compared to the values obtained with the samples diluted in water,
only a slightly higher deviation was detected in the case of the samples containing

the medium composition.
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Figure 7.18 Evolution of the relative error of the nitrite measurements as a function of
the sample nitrite concentration. (A) dilution 1/100, sample loop 0.1 mL (B) dilution
1/10, sample loop 0.5 mL.

7.4.5.4 Design of an optimal configuration for operation in a wide

concentration range

From the tests done with the prototype ADI2019 analyser (Applikon, The
Netherlands) it was concluded that a high accuracy in the measurement of both very
low nitrite concentrations (0.005 to 0.1 mg N-NO,™ L) and peak concentrations (up

to 20 mg N-NO, L"), was not achievable with a conventional process analyser.

The implementation of an automatic dilution system allows for the analyser
operation in a higher concentration range. However, the dilution system significantly
increases the error in the values of the lower ranges samples. The solution was a
dual analyser that would switch to a different analysis routine when the lower range
of analysis was exceeded, providing accurate nitrite concentration values in the
whole measuring range. The dual analyser was based on the adaptation of the
model ADI2040 (Applikon, The Netherlands) to this particular application.

The layout of the analyser designed to monitor nitrite in the two required
concentration ranges can be found in Figure 7.19. The analyser consists of two
different sampling loops and their respective injection system. The sample pump is
activated when the analysis cycle is due to start and the sample subsequently flows

through the sampling loop.
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Figure 7.19 Layout of the wet parts of the dual analyser (ADI2040, Applikon,
The Netherlands) designed for the monitoring of the nitrite concentration in the
two required concentration ranges.

Depending on the expected concentration of the sample, one of the two
sampling systems (with either a 2 mL or a 0.2 mL sampling loop) is activated and a
precise amount of sample is dosed into the cuvette module by means of a carrier.
The use of a 2 mL sampling loop, i.e. a volume higher than the tested 0.5 mL, was
proposed to further increase the accuracy of the measurements in the lower range.
The initial absorbance measured before the reaction takes place in the cuvette
module is measured. The NEDD reagent (0.8 mL) is subsequently added to the
cuvette and the final absorbance is measured after the required amount of time has
elapsed for the reaction to take place. The cuvette is then drained and rinsed so that

the following cycle can take place.

7.5 CONCLUSIONS

In this chapter a strategy for the on-line monitoring of ammonium, nitrite and
nitrate in the effluent of Clll has been developed. In the process of defining the best
approach to nitrogen monitoring, the following partial goals and conclusions were

achieved:

¢ Ammonium and nitrate on-line analysis equipment was successfully
configured and tested off-line for correct performance with samples having the

same composition as the effluent of CIII.
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The experimental set-up was designed to minimise the delay in the on-line
concentration measurements. Tests performed on-line with this provisional
configuration of the sampling loop indicate that the analysers will be suitable
for the monitoring of the total ammonium conversion to nitrate in the reactor.
Further adjustments were foreseen for the sampling loop in order for the

concentration data to fulfil the control system requirements.

A strategy based on the possible use of the ammonium and nitrate data
provided by the on-line analysers for the indirect measurement of nitrite was
investigated. The frequency of analysis of the ammonium and nitrate
analysers (16 min with the used parameter configuration) fulfilled the
requirements of the nitrite predictor. However, the amplitude of the noise of the
nitrate concentration was too high, leading to a noisy estimation of the nitrite
concentration that was not admissible for control purposes. The control
strategy based on the estimation of the nitrite predictor using experimental
ammonium and nitrate concentration data was thus unsuccessful for fine

tuning control in CIII.

The bases for the implementation of an experimental nitrite monitoring system
were set with the selection of a nitrite analyser and the design of its
configuration for the fulfilment of the requirements of the CIII nitrite control

system.
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CHAPTER 8

BASES FOR THE RE-DESIGN OF THE MELISSA
COMPARTMENT Il PILOT REACTOR

Foreword

Following the characterisation of the pilot scale nitrifying reactor of the MELISSA
project and taking advantage of a general upgrade of the MELISSA Pilot Plant and its
compartments, the re-design of the hardware of Clll is considered. This upgrade should help
to ensure the optimal operation and better control of the pilot reactor of the MELISSA CIII.
The knowledge gained in this thesis through experimental analysis and simulation, and
information available from previous studies performed with this reactor is used in this chapter
to set the bases for the reactor re-design.
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8.1 INTRODUCTION: MOTIVATION FOR THE RE-
DESIGN OF ClIl

The nitrifying pilot reactor of the MPP was operated over extensive periods of
time, under different experimental conditions. Taking advantage of the removal of
this compartment into a new site of the MPP, the re-design of its hardware is
envisaged, in order to improve its performance. Special attention is dedicated to
some parts of the equipment that need to be replaced due to their intensive use, and

to the performance requirements for the final MELiSSA loop closure.

The main elements to be addressed in the re-design work are discussed in
this chapter. Major changes from the previous hardware have not been envisaged,
since the overall operation of the reactor in the previous experiments was
satisfactory. Changes in sizing are not required either, since the compartment was
designed to fit the needs of the MELISSA loop. Therefore, the final goal is to
optimise the existing design, improving the necessary elements according to the
knowledge yielded by the present thesis as well as previous studies related to the

operation of this reactor (Pérez et al., 2004).

The main reason for the re-design of this compartment is to guarantee the
continuous operation over long periods of time, under well controlled conditions, and
in fully axenic conditions. Indeed, it has to be remembered that full steam
sterilisation must be undertaken to guarantee the axenicity of the reactor.
Additionally, the need for chemical (or radiation) sterilisation of the support particles

currently used (BIOSTYR®) should also be borne in mind.

Other important features related to long term operation and axenicity of the
reactor are the selection of pumping devices, retractable probes, online
measurements and the prevention/control of potential clogging of the packed bed
bioreactor. To this end, an on-line biomass detection system is being tested at the
moment in a parallel study (NTE; Llica d’Amunt, Spain), and will allow the monitoring

of the biomass within the packed bed during its long term operation to be monitored.
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8.2 TECHNICAL SPECIFICATIONS FOR THE RE-
DESIGN OF ClIl

The technical specifications for the re-design of the CIII pilot reactor have
been divided into three main categories: (i) General hardware and auxiliary

equipment (ii) instrumentation up-grade and (iii) specific operation requirements.
8.2.1 GENERAL HARDWARE AND AUXILIARY EQUIPMENT

The new hardware should have the same dimensions and basic
characteristics as the existing one, but some particular features should be modified

in order to improve reactor operation.

The whole reactor will be built in stainless steel 316L to allow sterilisation
using pressurised steam, and to avoid the exposure of the nitrifying bacteria to
external light sources, which are known to inhibit their activity (Prosser, 1989). For
the sterilisation requirements, the tightness of all seals should be effectively
guaranteed. The incorporation of a spy hole along the packed bed height in the
frontal face of the reactor to allow (i) the observation of the biofilm and (ii) the
observation of the lower part (mixing region) and upper part (level of liquid, gas
separation) of the reactor will provide further useful information. Similarly,
illumination from the top lid will also allow examination of the top section of the

reactor.

Mixing will be provided in the bottom section with a magnetically coupled
stirrer with variable speed, which will ensure axenicity in long term operation due to
the lack of mechanical seals. The BIOSTYR® beads will be kept within the central
section (packed bed) by means of stable stainless steel 316L or Delrin grids,

preferably removable (for cleaning purposes).

In order to guarantee the continuous operation of the reactor over extended
periods, as well as the adequate sterilisation and handling of the whole equipment,
stainless steel 316L vessels will be provided for the feed and outlet liquid, with a
total volume of 40 L (working volume 30 L). The vessels will allow steam sterilisation
and will be connected by means of pipelines built of the same material. The
remaining vessels and pipelines (acid and base storage vessels; acid, base, culture
medium feeding, reactor exhaust and recirculation pipelines) will also be constructed

in stainless steel 316L.
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Alternatives to the use of peristaltic pumps for the culture medium, broth

removal and broth recirculation have been considered to guarantee the operating

flow ranges during extended periods of time. A list of the main elements of auxiliary

equipment of the reactor is shown in Table 8.1.

Table 8.1 List of new auxiliary equipment requirements. The different items
can be located by their references in Figure 8.2 (P&ID diagram).

ITEM QUANTITY EQUIPMENT FUNCTION
C-01 1 BIOREACTOR Fermentation
AC-01+FV01 1 Bioreactor mixer + Mixing
Frequency variator
D-03 1 Vessel Medium feeding vessel
D-04 1 Vessel Medium outlet vessel
D-05 1 Expansion vessel Heating/cooling
E-02 1 Exchanger Heating
E-03 1 Exchanger Cooling
CC-01 1 Compressor Gas recirculation
P-01+FV02 1 Pumpt Recirculation
Frequency variator
P-04 1 Pump Medium feed
Heating/cooling
P-05 L Pump Water circulation
P-06+FV06 1 Pump* Backwashing
Frequency variator
F-01 1 Filter Sterile filtration of acid
F-02 1 Filter Sterile filtration of base
F-03 1 Filter Sterile filtration of medium
F-04 1 Filter Sterile filtration of medium load
F-05 1 Filter Sterile venting filter of D-03
F-06 A/B 2 Filter Gas sample filtration
F-07 1 Filter Sterile filtration of compressed air
F-08 1 Filter Sterile venting filter of D-04
F-09 A/B 2 Filter Outlet gas filtration
F-10 A/B 2 Filter Sample filtration

8.2.2 INSTRUMENTATION UP-GRADE

8.2.2.1 Current on-line instrumentation and control elements

The main elements of instrumentation associated with the CIlI pilot reactor

and currently installed in the MPP are shown in Table 8.2 together with the required

number of units.
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Table 8.2 Description of the main instrumentation associated to the
compartment Il pilot scale bioreactor.

Monitored parameter Measuring range Number of units

pH 0-14 2
Oxygen 0-100% 2
Temperature 4-250°C 2
Pressure 0-1000 mbar 1
Level - 1
O2 mass flowmeter 0-500 mL-min™ 1
CO; mass flowmeter 0-50 mL-min”’ 1
N, mass flowmeter 0-20 L-min™ 1
Gas flowmeter 0-10 L'min”’ 1
NH,* 0.01-255 mg N-NH," L™ 1
NO 0.005-0.5 mg N-NO_z"_|1_'1 ]

0.5-20 mg N-NO2-L
NO3 50-600 mg N-NO5L™ 1

In Table 8.3 the different controlled parameters along with a brief description
of the main control loops with the values of the set points and the related precision
are listed. The control loops are embedded in the general control architecture of the
MPP. To this end, the electrical connections of all sensors and actuators need to be

compatible with those of the quantum Schneider PLC used in the MPP.

Table 8.3 Description of the action of the main control loops
associated to the compartment Il pilot scale bioreactor.

Control loop Set point Precision
pH 8.0 +0.1
Liquid flow rate 2.5-10 ml/min To be defined
Gas flow rate 3000 ml/min To be defined
Temperature 28.0°C +0.1°C
Pressure <80 mbar 1 mbar
Dissolved Oxygen 80% +5%

8.2.2.2 New instrumentation requirements

In addition to the basic instrumentation already installed in the reactor, new
parameters have been identified that require monitoring. The new instrumentation

requirements will be enumerated in this section.

The liquid level control should be improved in order to increase its precision.
The sensor for high level will be redundant to avoid any potential flooding, and a low
level sensor will be incorporated to guarantee a minimal liquid level in the reactor.
Flow meters will be incorporated in the most critical liquid lines (feeding, outlet and

recirculation).
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A differential pressure measurement will be implemented in the reactor in
order to detect the clogging of the packed bed due to excessive biofilm generation.
This measurement will be used to predict the necessity of preventive backwashing
procedures, in order to remove excess of biofilm, before severe clogging occurs.
Moreover, the installation of a newly developed biomass sensor will allow monitoring
the biofilm thickness. The combination of the data recorded by analytical
instrumentation (e.g. differential pressure, nitrogen analysers, biomass sensor) with
the mathematical model developed in previous chapters of this thesis, can be used
to simulate clogging in the packed bed, optimising the frequency and intensity of the

backwash events.

A new biomass sensor will be installed in Clll, allowing the monitoring of the
biomass concentration in the packed bed. The principle of this biomass sensor is the
measurement of the electrical impedance at different frequencies. The relationship
between impedance at low frequencies and the impedance at high frequencies is
proportional to the concentration of cells in the medium. A scan to measure the
electrical impedance at different frequencies is initially carried out to determine the
minimum and maximum impedance values. The initial biomass concentration is
calculated as a function of the ratio between the minimum and maximum
frequencies. At later stages an adjustment of the expression that defines the
dependence of the impedance on the frequency is carried out, yielding the values of
some characteristic parameters related to the type of biomass. The biomass
concentration can then be calculated from the impedance measurements as a
function of the ratio between the values of these estimated characteristic

parameters.

The sensor consists of a main unit housing all the electronic elements,
connected to a computer and provided with several reading probes, each one
containing at least four impedance electrodes, which are placed into the reactor

ports at three different heights of the packed bed (Figure 8.1).

Retractable housing will also be provided in the reactor for the dissolved
oxygen, pH probes and for any other sensor, allowing sterilisation without
interrupting the process. A complete list of all the instrumentation of Clll, including
the new elements as well as the elements already available in the MPP is shown in
Table 8.4.
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Figure 8.1 Schematic view of the biomass sensor
system concept.

8.2.3 SPECIFIC OPERATION REQUIREMENTS

In previous sections of this chapter the basic requirements of the reactor
during normal continuous operation have been defined. However, there are a
number of specific situations (e.g. start-up, maintenance operations) that require the

definition of exhaustive protocols.

8.2.3.1 Sterilisation

Two main features of the reactor sterilisation have to be distinguished: (i) the
sterilisation of the hardware, including auxiliary equipment such as vessels or
pipelines and (ii) the sterilisation of the material used as a support for the biofilm
development (BIOSTYR® beads).

The hardware is steam sterilised following a well defined protocol carried out
in different steps: emptying of the facility, a first sterilisation with steam flowing
through all the elements of the hardware followed by a second sterilisation step with
steam at 121°C (P=1.2 barg) for 20-30 minutes. The hardware sterilisation is
finalised after drying with compressed air and cooling of all the elements, including

filters.
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The BIOSTYR® beads used as support material do not resist high
temperature; hence a different sterilisation method is required. The contents of the
packed bed will sterilised by radiation and kept in an addition bag. The bag has to
be provided with the passive part of a buck-valve. The other end of the bulk valve
will be installed in a compressed air pipeline so that the contents of the bag will be

added to the reactor when the bag is connected to the line.

8.2.3.2 Inoculation

Inoculation of the reactor must be performed in such a way that axenicity is
not compromised. The reactor will incorporate an inoculation port that allows steam
sterilisation and that guarantees a proper connection with the sterile bottle

containing the inocule. Inculation will be carried out using the recirculation line.

8.2.3.3 Backwashing and long term operation

In all the modifications described above it must be borne in mind that the
reactor will operate over long periods of time. As previously mentioned, extended
periods of continuous operation in the packed bed reactor inevitably lead to a
progressive clogging of the packed bed and the need for maintenance operations.
The new reactor hardware will incorporate the necessary elements (e.g. pumps) that
allow reversal of the liquid flow in order to enhance biomass detachment from the

biofilm without compromising the axenicity in the reactor.

8.2.3.4 Analysis loop

The reactor will incorporate a cellular retention device in the output line in
order to retain any free biomass detached from the biofilm (although only minor
concentrations are expected in normal operational conditions). The fitered liquid will
be pumped to the subsequent MELISSA compartments while an additional line of
the filtered solution will be used to feed the on-line analysers. The sampling device
installed in the output should guarantee both the correct performance of the on-line
analysers and the axenicity in the bioreactor. On-line sampling will be required for
NH,*, NOs; and NO,".

The complete process and instrumentation diagram (P&ID) of the MELISSA
Clll and its auxiliary instrumentation is shown in Figure 8.2, with all instrumentation

elements listed in Table 8.4.
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Table 8.4 List of auxiliary equipment requirements. The different items can be
located by their references in Figure 8.2 (P&ID diagram).

LOOP TAG INSTRUMENT FUNCTION
LEVEL
LT 01 Level transmitter
LIC 01 LIC 01 PID controller Bioreactor
LCV 01 Level control valve
LI 02 LI 02 Level indicator Feed'\:'fsgd'“m
LI 03 LI 03 Level indicator E”'“‘f/r;tsg“jdi“m
FLOW
FE 01 Flow sensor (Coriolis)
FICQ 01 FT 01 Flow transmitter Feeding medium
FICQ 01 PID controller
FE 02 Mass flow sensor Bioreactor
FICQ 02 FT 02 Flow transmitter recirculation
FICQ 02 PID controller
FE 06 Flow sensor (Coriolis)
FIC 06 FT 06 Flow transmitter Effluent medium
FIQ 06 Flow totalizer
FE 07 Vortex mass flow sensor
FT 07 Flow transmitter
FIC 07 FIC 07 PID controller Outlet gas
FCV 07 Flow control valve
pH
pHE 01 pH electrode Bioreactor
pHIC 01 pHT 01 pH transmitter (bottom section)
pHIC 01 PID controller
pH E 02 pH electrode Bioreactor
pHIC 02 pHT 02 pH transmitter (top section)
pHIC 02 pH indicator P
WEIGHT
WI 01 Weight indicator . s
w101 WT 01 Weight transmitter Acid addition
WI 02 Weight indicator s
W02 WT 02 Weight transmitter Base addition
DISSOLVED OXYGEN
DO2 E 01 DO2 electrode (bottom section) .
DO2101 DO2 T 01 DO2 transmitter Bioreactor
DO2 E 02 DO2 electrode (bottom section) .
DO2102 DO2 T 02 DO?2 transmitter Bioreactor
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LOOP TAG INSTRUMENT FUNCTION
PRESSURE
Differential pressure
DP1 01 DDIE':' %11 Differé??igﬁpt)?;ssure Bioreactor
transmitter
PT 02 Pressure transmitter
PIC 02 PIC 02 Pressure controller Outlet gas
PV 02 On/off pressure valve
PI 03 P1 03 Pressure indicator Vessel D-03
Pl 04 Pl 04 Pressure indicator Vessel D-04
P1 05 P1 05 Pressure indicator F-01
Pl 06 P1 06 Pressure indicator F-02
P1 07 PI 07 Pressure indicator F-03
P1 08 P1 08 Pressure indicator F-04
P1 09 P1 09 Pressure indicator F-05
P1 10 P110 Pressure indicator F-06A
Pl 11 PI 11 Pressure indicator F-06B
Pl1 12 Pl 12 Pressure indicator F-07
PI1 13 P113 Pressure indicator F-08
Pl 14 Pl 14 Pressure indicator eatingfoooling
Pl 15 Pl 15 Pressure indicator Liquid phase recycling and
outlet
Pl 16 Pl 16 Pressure indicator F-09A
PI 17 Pl 17 Pressure indicator F-09B

AUTOREGULATION PRESSURE DEVICES

PCV 04

PSV 01
PSV 02
PSV 03

PCV 04

PSV 01
PSV 02
PSV 03

Pressure valve water

Rupture disc
Rupture disc
Rupture disc

Heating/cooling
Water circulation

Bioreactor
Feeding medium vessel
Effluent medium vessel
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LOOP TAG INSTRUMENT FUNCTION
TEMPERATURE
TE 01 PT100 temperature sensor Bioreactor (bottom
TIC 01 TT 01 Temperature transmitter section)
TIC 01 PID controller
TE 02 PT100 temperature sensor
TIC 02 TT 02 Temperature transmitter Feeding medium
TIC 02 PID controller vessel
TV 02 On/off temperature valve
TE 03 PT100 temperature sensor
TT 03 Temperature transmitter .
TIC 03 TIC 03 PID controller Effluent medium vessel
TV 03 On/off temperature valve
TE 04 PT100 temperature sensor
TT 04 Temperature transmitter ; ;
TIC 04 TIC 04 PID controller V'Jeat'"glcolol'pg
TCV 04A Temperature control valve ater circulation
TCV 04B Temperature control valve
TI 05 TE 05 PT100 temperature sensor Bioreactor
TT 05 Temperature transmitter (middle section)
T1 06 TE 06 PT100 temperature sensor Bioreactor
TT 06 Temperature transmitter (top section)
FOAM
XA 01 XA 01 Foam alarm Bioreactor
BIOMASS
YE 01 to 06 Biomass sensor .
YT 01 YT 01 Biomass transmitter Bioreactor
CONDUCTIVITY
X1 01 XE 01 Conductivity sensor Bioreactor
XT 01 Conductivity transmitter (bottom section)
X1 02 XE 02 Conductivity sensor Bioreactor
XT 02 Conductivity transmitter (top section)
ANALYSERS
YT 02 YT 02 NO, analyser Effluent liquid phase
YT 03 YT 03 NOs3™ analyser Effluent liquid phase
YT 04 YT 04 NH," analyser Effluent liquid phase
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Figure 8.2 Process and instrumentation diagram (P&ID) of the MELiISSA compartment Il1.
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CHAPTER 9

GENERAL CONCLUSIONS

The work developed in the present thesis has contributed to increase the
understanding on the performance of the pilot reactor of the MELISSA nitrifying
compartment (Clll). The development of a new mathematical model, in combination
with the study of the biofilm composition through molecular analysis and the
implementation of an on-line monitoring system of the nitrifying efficiency, have

provided the necessary tools for a comprehensive study of the reactor performance.

The stability of the packed bed biofilm reactor over a long operational period
has been assessed. Analysis of the biofiim using molecular techniques
demonstrated that the two initial strains used to inoculate the reactor (N. europaea
and N. winogradskyi) were still the dominant species in the biofilm after 1750 days
of operation. A small deviation from ideal well-mixed tank behaviour in the liquid
phase of the reactor was identified as the cause of the heterogeneity experimentally
assessed along the packed bed height of both the biofilm thickness and the relative
distribution of AOB and NOB. The good correlation of the results obtained through
model simulation with the experimental biomass profiles yielded by molecular
analysis (FISH and Q-PCR) makes the model a useful tool to simulate the reactor
status under a wide range of operational conditions. The availability of a
mathematical model is particularly valuable to study the reactor behaviour given the

difficulty to harvest biomass samples to be used for FISH and Q-PCR analysis.

The mathematical model was used to design a strategy to optimise the
intensity and frequency of the backwash events in the packed bed reactor,
minimising nitrite accumulation in the reactor as established by the requirements of
the MELISSA loop. The results obtained pointed towards stronger backwash events
as the recommended strategy rather than weaker, more frequent, events. A biomass
sensor developed within the MELiISSA project and tested at the MELiISSA pilot plant,
will allow monitoring the biofilm thickness and quantifying the detachment during

backwashing, contributing to further improve the maintenance strategy. In addition,
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a strategy to monitor ammonium, nitrite and nitrate on-line in the reactor effluent with
high frequency and accuracy has been defined in this thesis, providing the
necessary data to fulfil the requirements of the nitrite control system in the MELiSSA

compartment lIl.

The bases for a re-design of the reactor hardware have been set taking into
consideration all the necessary improvements identified in this work. The
mathematical model, together with the installation of the up-graded hardware and
instrumentation will provide the necessary tools to understand and improve the
performance of the nitrifying compartment of the MELiISSA pilot plant, guaranteeing

its stable operation over long periods of time.
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ANNEX







ABBREVIATIONS AND ACRONYMS

Acronyms

AOB
Cll
Clll
Clva
ClVb
CLSM
CSTR
DO
EPS
FA
FIA
FNA
FISH
FITC
HB
HPP
ISE
MELISSA
MPP
NEDD
NOB
Q-PCR
RTD

Ammonia Oxidising Bacteria

MELiISSA Compartment Il (Rhodospirillum rubrum)
MELiISSA Compartment Il (Nitrifying compartment)
MELiISSA Compartment Iva (Arthrospira platensis)
MELiISSA Compartment Ivb (Higher Plant Compartment, HPP)
Confocal Laser Scanning Microscopy
Continuously Stirred Tank Reactor

Dissolved Oxygen

Extracellular Polymeric Substances

Free Ammonia

Flow Injection Analysis

Free Nitrous Acid

Fluorescent in situ hybridisation

Fluorescein IsoThioCyanate

Heterotrophic bacteria

Higher Plant Compartment

lon Selective Electrode

Microbial Ecological Life Support System Alternative
MELISSA Pilot Plant
N-(1-naphthyl)-EhtylenDiamine Dihydrochloride
Nitrite Oxidising Bacteria

Quantitative Polymerase Chain Reaction
Residence Time Distribution

Model parameters and abbreviations

Correction of the AOB kinetics due to a wake-up phenomenon
Area

Concentration of substrates / products in the bulk liquid (g L™)
Reactor diameter (dm)

Substratum particle diameter (dm)

Back mixing coefficient

Fraction of biomass leading to inert products

Biofilm thickness (um)

Volumetric oxygen transfer coefficient (h™")

Recirculation flow rate (L-d™")

Back mixing flow rate (L-d™)

Incoming liquid flow rate (L-d™")

Gas flow rate (L'-min™")

Detachment rate (dm-d™")

Growth velocity of the biofilm (dm d™")

Gas superficial velocity (m s™)

Volume (dm°)

Concentration of biomass in the biofilm (g VSS L™)

Growth yield coefficient of N. europaea (g VSS g™ N-NH)
Growth yield coefficient of N. winogradskyi (g VSS g™ N-NO,)
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Growth yield coefficient of heterotrophic bacteria (g VSS g

VSS)

z Distance to substratum surface (um)

p Biofilm density (g VSS L™ biofilm matrix)

€p Solids hold up

&g Gas hold up

€L Liquid hold up

9] Specific growth rate of biomass (d™')
Subscripts

A Bottom section of the reactor

B Packed bed section of the reactor

C Top section of the reactor for gas-liquid separation

bmix Back mixing

det Detachment

F Biofilm

G Gas

LF Biofilm thickness (dm)

in Incoming

In Refers to an inhibiting substrate

L Liquid

N Number of tanks into which the packed bed was divided

NH,* Ammonium

NO, Nitrite

NO3 Nitrate

O, Oxygen

rec Recirculation

S Soluble biodegradable substrate
Superscripts

H Heterotrophic bacteria

I Inert biomass obtained from biomass decay

Nts N. europaea

Ntb N. winogradskyi

P Non-biodegradable products of biomass decay

S Biodegradable products of biomass decay
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BACTERIAL STRAINS AND GROWTH MEDIA

The strains selected to perform the two-step biological nitrification in the
MELISSA nitrifying compartment are N. europaea ATCC 19718 and N. winogradskyi
ATCC 25391, which perform the oxidation of ammonia to nitrite and of nitrite to

nitrate respectively.
ATCC GROWTH MEDIA

Recovery of the strains of N. europaea ATCC 19718 and N. winogradskyi
ATCC 25391 was carried out following the protocols provided by ATCC and

presented in Table 9.1 and Table 9.3, respectively.

Frozen N. europaea samples were recovered by transferring the contents of
the vial into and Erlenmeyer flask containing 50 mL of ATCC medium 221 (Table

9.1), and subsequently incubating the suspension at 27°C in darkness.

Table 9.1 Composition of ATCC medium 221 for N.
europaea. (*)Composition specified in Table 9.2.
(YMagnesium and calcium solutions are added after
sterilisation. Bring to pH 8.2 with 50% K,COs;.

Components Amounts
(NH4)2S0, 3.0g
KoHPO, 05¢
NaH,PO,4-2H,0 0.78 g
Fe/EDTA solution’ 0.1 mL
MgSO, " 0.05¢
CaCl,' 410°g
cresol red (0.0005%) 25 mL
MilliQ water Up to 1000 mL

Table 9.2 Composition of the Fe/EDTA solution

Components Amounts
EDTA 0.14g
FeSO,-7H,O 05¢g
H,SO, 0.05 mL
MilliQ water Up to 100 mL
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N. winogradskyi was received as a lyophilised form and was recovered by
resuspending in 0.5 mL of ATCC 480 medium (Table 9.3).

Table 9.3 Composition of ATCC medium 480 for N.
winogradskyi. Bring to pH 8.0 with 50% K,COs.
(*)Composition specified in Table 9.2. The composition of
solutions A, B, D, E and F can be found in Table 9.4.

Solution A 0.5mL
Solution B 0.5mL
Fe/EDTA solution’ 0.1 mL
Solution D 0.5mL
Solution E 0.5mL
Solution F 10 pL

Table 9.4 ATCC medium 480 for N. winogradskyi.: composition of
solutions A, B, D, E and F.
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Solution A
MilliQ water 100 mL
M -7TH 20.
Solution B 950,7H:0 009
MilliQ water 100 mL
Na;Mo0O,4-2H,0 0.1g
ZnS0O47H,0 0149
C . .
Solution D uSO4SHZO 0029
CoCl,-6H,0 0.002 g
MnCl,4H,0 02g
MilliQ water 1000 mL
NaN 414
Solution E aNO; 9
MilliQ water 100 mL
KoHP 1.71
Solution F 2HPO, 9
MilliQ water 100 mL




N. europaea AND N. winogradskyi CO-CULTURE

The composition of the medium used for cultivation of a co-culture of N.

europaea and N.winogradskyi, both in Erlenmeyer flasks and in bioreactor is

presented in Table 9.5.

Table 9.5 Composition of the culture medium used in CIIl. pH is set
to 8.1-8.2 with Na,COj3; MgS0O,-7H,0 and CaCl,-2H,0 are sterilised
separately and subsequently added to the main solution.

Compound Concentration (g-L")
(NH,4),SO, 1.32
FeS047H,0 0.0025
CuS0,-5H,0 4-10°
Na,HPO, 0.71
KH,PO, 0.68

(NH4)sMo70,,-4H,0 0.177
ZnS0,7H,0 4.310°
MgSO,-7H,0 0.052
CaCl,-2H,0 7.4-10*

NaHCO; 0.8
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