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Nitrification and organic matter

T.N. 45.2: Behaviour of the nitrifying compartment fed with organic substrates

L. Poughon.
L aboratoire de Génie Chimique Biologique
63177 AUBIERE Cedex. France.

Introduction

The purpose of this technica note was to complete and update the technica note 32.1 "nitrification
and organic carbon sources'.

The firg part of this note is an update of the andyss of the energetic metabolism of the nitrifiers
Nitrosomonas and Nitrobacter. The soichiometric equations obtained from the biochemicdly
sructured modd of the metabolism of the nitrifiers were established and vadidated with experimentd
results from literature.

In a second part, the kinetic model proposed in TN 32.1 for the growth of nitrifiersin mixotrophic
condition (presence of organic matter in compartment I11), associated to the proposed stoichiometric
equations was introduced in the NitriSim software (v 4.0).

The software was aso adapted to account for the increase of the biofilm, and then for the decrease
of the voidage (fill in of the bed).

Smulationsin autotrophic and mixotrophic operating conditions were performed and compared in
terms of biomass didtribution, nitrifying efficiencies and voidage of the column in the last part.
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1 Biochemistry of nitrifiersand stoichiometric equations

1.1 Biochemistry and ener getic metabolism

Since the last modd established for the energetic metabolism of Nitrosomonas and Nitrobacter
(TN 32.1), some changes have been made. If these changes have relaively low effect on the fina
stoichiometric expression of the nitrification, they give a better understanding of the phenomenon. In
mixotrophic conditions the energetic metabolism is the same as in autotrophic growth. The modds
briefly detaled below are thus vaid for the aerobic growth with ammonia and nitrite as eectron
donor and CO, or/and CO,+organic matter as carbon sources. A more complete description of the
energetic metabolism of the agrobic micro-organism Nitrosomonas and Nitrobacter can be found
inTN 23.2and TN 32.1.

Nitrosomonas

Ammonia oxidation in oxygenic conditions is detailed in figure 1. Compared to the previous
description of the phenomenon, changes concern the position of the Ammonia Mono Oxygenase
(AMO), Stuated at the periplasmic side of the membrane, and concern also the oxydoreductive
reactions carried out by Hydroxylamine Oxydase (HAO).

The cyctochrome Css4 is the electron acceptor coming from reactions catdysed by HAO. The
cytochrome cCss4 can release its electrons a the UQ pool level (at least 2 eectronsin order to enable
the oxidation of NH; by AMO), but dso directly to the mobile one eectron carrier cytochrome Css,
(which seemsto be the case when hydroxylamine is the substrate and when ammonia oxidetion is not
necessary). It is not known up to date how the reactions NOH->NO->NO; are carried out by
HAO, but the eectrons coming from these reactions always reach cyt Css,.

The production of nitrous oxide gases (N,O, NO) islow in autotrophic conditions, and higher in
hetrotrophic and anoxygenic conditions. NO can be produced from NO;" reduction, viaanitrite
reductase (if HAO drivesthe reaction NO>NOy, it isnot known if thisreaction is reversble). N,O
resultsin figure 1 from a chemicd reaction from NOH, but some authors consider dso areaction
between nitrite and hydroxylamine:

NH,OH + HNO, ¥4® N,O + 2H,0
At the present time the assumptions chosen are that HAO can drive dl the oxidation steps from
hydroxylamine to nitrite, and that the only way for the production of N,O is achemica reaction from
NOH.

A vdlidation of the theoretical energetic mode can be made using the H'/O yields reported by
Hollocher et a. (1982), reported in Table 1.

Table 1 : Experimental (Hollocher et d., 1982) and theoretical H'/O yields for Nitrosomonas

Experimental Theoretical
Net H'/O yield for NH," oxidation 34 3.33
Net H'/O yield for hydroxylamine oxidation 4.4 4.5

Memorandum of Understanding
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Figure 1 : Oxidoreductive pathwaysin the oxidation of ammoniaby Nitrosomonas.

Nitrobacter

Taken from the previous description (TN 37.1), the energetic modd proposed here (Figure 2)
involves NO as an important intermediate for the reverse eectron chain. This intermediate reported
by Bock et d. (1991) alows to explain how dectrons can reach the UQ pool from cyt css, driven by
the membrane potential. The reactions NO,” - NO, and NO - NO; at the opposite Sdes of the
membrane are an important node in the energetic metabolism of Nitrobacter dlowing a H'/O yidd
ranging from O to 2. This can explain the different yields reported : O (Hollocher et &, 1982) and 1
(Cobley et d, 1976). This futile cycle in the eectron trangport chain introduces a degree of freedom
alowing important variations of the growth yieds and an interesting flexibility in the modd.
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Figure 2 : Oxidoreductive pathways in the oxidation of nitrite by Nitrobacter.
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NO intermediate can dso be an dectron snk in case of oxygen limitation, leading to the production
of nitrous oxide gas.

1.2 Maintenance and nitrification

Maintenance is consdered as the key driver for autotrophic nitrification. In the structured models,
maintenance is classicaly expressed as hydrolysis of ATP to ADP. Rather than this reaction, we can
consder a proton gradient disspation flux, as the energetic modd developed is based upon the

proton gradient generation (H ® H

Periplasmic Cytoplasmic )

Using this gradient disspation yield for Nitrosomonas and Nitrobacter maintenance caculation
gives an interesting result. It gppears that the maintenance for Nitrosomonas and Nitrobacter is
smilar to that of other aerobic organisms (56% of the proton motive force). The computations have
shown that this assumption is compatible with the experimentd yidds, and that in fact maintenance is
not much higher in nitrifiers than for other aerobes. But the effect of the maintenance on the growth
yidd of nitrifiers is much higher; this leads to a vaue of 76% of NH3 oxidised for maintenance by
Nitrosomonas and at least 53% of NO, oxidised for Nitrobacter.

1.3 Nitrifiers and organic compounds

Nitrifiers are usudly cdled obligate autotrophs, but some of them , especidly Nitrobacter species
are able to growth in presence of organic matter. The mixotrophic and heterotrophic growth of
Nitrosomonas and Nitrobacter, were dready detailed in TN 32.1. The carbon sources cited in
literature and the ability of the organism to grow on it are reported in table 2.

If the mixotrophic growth is possble for both Nitrosomonas and Nitrobacter, it must be kept in
mind that organic substrate are often inhibiting at increasing concentration for Nitrosomonas and that
only Nitrobacter was found to grow hetrotrophicaly.

From the previous TN 32.1, no further informations were found concerning the growth of pure
cultures of Nitrosomonas and/or Nitrobacter in mixotrophic or heterotrophic conditions. As
previoudy naticed, the growth of nitrifiers in presence of organic matter is dways accompanied with
the growth of heterotrophic bacteria which diminate the organic load, while nitrifiers diminete the
ammonia load (it is the waste-water trestment principle). But these data can not be extended to the
mixotrophic growth of nitrifiers

We will redirict this study to the mixotrophic growth of nitrifiers, e.g. the growth with organic matter
as the main carbon source, and oxygen and N-inorganic as energy sources.

1.4 Stoichiometric equations (mass balance models)

For dl the operating conditions, the stoichiometric equations were established assuming that
maintenance can be represented by a proton gradient disspation of 56%. This homogenous
description for the maintenance is easy to use in the metabolic network description of the two

Memorandum of Understanding
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organisms whatever are the operating conditions or the substrates used, because the energetic
metabolism has dways the same driving force: a proton gradient.

The overall mass badance equations obtained for both autotrophic and mixotrophic operating
conditions are reported in table 2. The assumptions for the metabolic behaviour description and the
biomass composition were detailed in TN 23.2 and 32.1. At the opposite of TN 32.1, the
stoichiometric relations proposed in Table 2 take into account the N-oxidation due to maintenance
phenomenon, enabling to estimate growth yields for the mixotrophic growth of pure cultures (Table
3). Neverthdess it is important to keep in mind that the reserve biosynthesis (probably PHB) is not
taken into account in these caculaions as we do not know exactly what are the reationships
between the growth condition and the synthesis of PHB in nitrifiers. The synthess of reserve materid
can have sgnificant influence on the carbon yidds.

Nitrosomonas in autotrophic operating conditions
CO, + 25.11420, + 0.0041H,SO, + 0.0136 H,PO, + 17.6726 NH,

CH1.6097OO.3777N 0.210780.0041P0.0136 + 169975 HZO + 174619 [NO_Z + H +]

Nitrosomonasin mixotrophic operating conditions
1.0374 CH,COOH + 3.98440, + 0.0041H,SO, + 0.0136 H,PO, + 2.2029 NH,

CH, ¢007003777N 0210790.00a1Po.0136 + 1.0748 CO, + 3.6026 H,O + 1.9922[NO'2 + H*]

Nitrobacter in autotr ophic operating conditions
CO, + 35.88340, + 0.0041H,SO, + 0.0136 H,PO, + 73.9242[NO, + H"]
+ 0.2107 NH, + 0.4643H,0

CH 1.6097 00.3777 N 0.210780.0041 P0.0136 + 739242 N O;S + H : ]

Nitrobacter in mixotrophic operating conditions
0.2551 CH,COOH + 23.0823 0, + 0.0041H,SO, + 0.0136 H,PO,

47.3135[NO, +H*] + 0.2107 NH, + 0.4959 CO,

CH1.6097OO.3777N 0.210780.0041P0.0136 + 00398 HZO + 473135 NO;} + H +]

Table 2 : Overdl mass balance equations for the growth of nitrifiersin autototrophic and mixotrophic
operating conditions.

Memorandum of Understanding
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Nitrosomonas Nitrobacter
Autotrophy Mixotrophy Autotrophy Mixotrophy
Biomass/N oxid. (g/mal) 128 1124 0.30 047
O,/ N oxid. (mol/mal) 138 2 048 0.49
CO, /N oxid. (mol/moal) 0.057 -1.85 0.013 0.021
Acetate/ N oxid. (mol/mal) - 052 - 0.005
Biomass/ Acetate (g/g) - 0.36 - 148
CO, fixed by Calvin/ C totd fixed 83% 26% 83% 50%
Maintenance
as proton gradient dissipation 58% 56% 56% 56%
as N-oxidised 5% 50% 76% 3%

Table 3 : Nitrification cdculated yields in autotrophy and mixotrophy

It can be noted that the growth of the two microorganisms in presence of organic matter is very
different. For Nitrosomonas, the N-oxidation yields decrease tenfold, while for Nitrobacter the
differences for NO,™ oxidation between autotrophic growth and mixtrotrophic growth are smdl. The
soichiometric biomass/NO,™ yield cadculated is 57% higher for mixotrophic growth and can be
compared to the 11% to 48% measured for mixotrophic growth of Nitrobacter winogradskyi on
various culture filtrates of heterotrophic bacteria (Steinmiller and Bock, 1976).

The metabolic assumptions used for the modelling of the growth of Nitrobacter were checked and
vdidated from experiments of Smith and Hoare (1968), on the basis of the carbon distribution from
acetate. But the data found for the mixotrophic growth of Nitrosomonas ae insufficient for a
vaidation of the assumptions used for this organiam.

The mass baance equations proposed above can be used in Seady-State process modelling and
samulaion without kinetics laws. These equations are a representation of the whole nitrification
process and enable to compare the yields calculated with the experimenta ones.

In the case of the use of mass baance equations with kinetic rate equations, as previoudy developed
in NitriSim (TN 27.1, 27.2), each overdl doichiometric equation was Flit into 2 equations : one
characterising anabolic metabolism and the other characterisng the maintenance reactions. At each
of these goichiometric equations was associated a kinetic equation. The dissociation of the
metabolism into severd equations introduces a greater flexibility, but dso a higher complexity of the
model and requires to determine much more parameters.
For both Nitrosomonas and Nitrobacter, the mass balance mode is congtituted of 4 groups
equations (Table 4aand 4b), for:
- anabolism

maintenance

reserve synthesis

NOx by-products production

The reserve synthess (synthesis of PHB) as well as the production of NOx are very dependant on
the operating conditions, and especidly on the limitations and inhibitions by substrates and products.

Memorandum of Understanding
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For NOx production by Nitrosomonas (Table 49) the pathways involved are closdly linked to the
energetic metabolism of the organism (Figure 1) and would then probably interact with maintenance
and anabalic reactions. It is impossible (at the present time) to modd the synthess of PHB by
Nitrosomonas. This result is not inconsstent with experimenta results as the PHB synthesis was not
reported in this organism (TN 32.1); that was interpreted as a possible reason of the high sensbility
of this organism to organic matter (TN 32.1)

Nitrosomonas - anabolism in autotr ophic oper ating conditions
CO, + 5.4696 0, + 0.0041H,SO, + 0.0136 H3PO, + 4.5762 NHj3

CH1.609700.3777N0.2107S0.0041P0.0136 + 3.9011H,0 + 4.5762[NO'2 + H+]

Nitrosomonas - anabolism in mixotrophic operating conditions
1.0374 CH,CCOH + 3.9844 O, + 0.0041H,SO, + 0.0136 H,PO, + 2.2029 NH,

CHl.6097OO.3777N 0.2107SO.OO4lPO.0136 + 10748 COZ + 36026 H 2O + 19922 [ NO_Z + H '

Nitrosomonas - maintenance mass balance equation
NH, + 1.50, ¥4t® [NO,+H*] + H,0

Nitrosomonas - r eser ve mass balance equation
[Non solvable]

Nitrosomonas - NOx production
NH, + O, %¥4® 05N,O + 1.5H,0

(A proton gradient is generated. Then the reaction can interact with maintenance reaction). N;O isa
snk on the oxido-reductive dectron transport chain when O, islimiting.

[NO, +H"] + NH,OH ¥4® N,O + 2H,0
(Chemical reaction (7))

[NO,+H'] + H" + e ¥® NO + H,O
(Comptition with O, astermind € acceptor). This reaction can not occur alone and requires a
coupling with a reaction producing H" and releasing one eectron.

Table 4a Mass baance equation for acomplete biologicd mode of Nitrosomonas in autotrophic
and mixotrophic growth.

Memorandum of Understanding
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Nitrobacter - anabolism in autotrophic operating conditions
CO, + 7.62680, + 0.0041H,SO, + 0.0136 H,PO, + 0.2107 NH,

+ 17.4109[NO, + H"] + 0.4643H.,0

CH 1.609700.3777 N 0.2107 S0.0041 I:)0.0136 + 174109 [ N O_S + H +]

Nitrobacter - anabolism in mixotrophic operating conditions
0.2521 CH,CCOH + 5.84750, + 0.0041H,SO, + 0.0136 H,PO, + 0.2107 NH,

+ 12.8440[NO, + H,] + 0.4959 CO,

CH. 6007003777N 0.210/%0.0041P0.013  + 0-0398 H,O + 12.8440 [NO'3 + H +]

Nitrobacter - maintenance mass balance equation
[NO, + H'] + 050, %4t® [NO,+H"]

Nitrobacter - reserve mass balance equation
05CH,COOH + 1.70830, + 3.6667 [NO, + H"]

CH, 0 Opes + 0.2475H,0 + 3.6667 [NO; + H']

Nitrobacter - NO production

[NO,+H'] + H" + e %® NO + H,O

(Compstition with O, astermind € acceptor - Also intermediate in the energetic metabolism). The
reaction is coupled with nitrite oxidation, and when growing heterotrophicaly (i.e. the Q cycleis
functiond) with the NADH,H" oxidation.

Table 4b: Mass balance equation for a complete biologica modd of Nitrobacter in autotrophic and
mixaotrophic growth.
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2 Mixotrophic kinetic model

The metabolic behaviour of nitrifiers and the products formed are dependant of the growth
conditions and of the subdtrates available (Figure 3). Even if nitrifiers are consdered as important
micro-organisms in water-treatment, their behaviour as pure culture and pure coculture has not been

extensvely sudied.

Organic carbon source

exponential growth steady state growth CO2 absent anoxygeny NH3/ NO2- absent
Mixotrophic metabolism Mixotrophic metabolism Ravid inhibition Heterotrophy
No reserve synthesis Reserve synthesis aﬁl NOS3-/ NOS-/ reducing or inhibition of
o growth NO2- NO2-
the growth
¢ absent
NxO produced
Denitrification No growth ?
Catabolism of reserves in case of
organic carbon limitation
No organic carbon sources
CO2 CO2 absent
Autotrophic
metabolism No growth

Figure 3 : Overview of the variability of the metabolic behaviour of nitrifiers.

Asitisdifficult to find kinetic parameters vaues for the growth of pure cultures in controlled
conditions, it was decided in afirst approach to limit the study to a situation where carbon
storage (reser ve synthesis) and NOx gas production ar e neglected.
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2.1 Principles
The principles for the congtruction of akinetic model for nitrifiers, taking into account both

autotrophic and mixotrophic growth have been dready detailed in TN 32.1.

It must be kept in mind that here is presented the overall expression of the mode, which can be
samplified by the fact that most of the parameters are set to zero, astheinhibition or saturation
congtants for phosphorous and sulphur sources for example.

2.1.1 Kinetic model for_autotrophic growth
res the autotrophic growth rate (active biomass production) is expressed as a combination of

Xact-auto !
. For Nitrosomonas, this growth

the anabolic growth rate r'°.  and of the maintenance rate rs

gr- auto m-auto

rate (rys, .. ) can bewritten:

s L

r.Ns - rNs +& rﬁ\‘ _ 19YN$

Xact-auto gr- auto 8”1:,5 ' Xact/NH3
ax - auto

rNs
auto M- auto

; Ns — s
with rgr-auto - nino CXact- Ns

B

Ns — Ns
M-ano = mautoCXact- Ns|g
)
s — Ns A SiB
nix\luto rTi\lwax—autoo =1
k +C ‘ 9
SiB

my, is the maintenance coefficient

CXact- Ns
S: subgtrate|

Cs: concentration of subgtrate i

K saturation constant for substrate i
;> inhibition congtant for subdtrate

. the concentration of the active biomass of Nitrosomonas in the bicfilm

The production and consumption rates of other compounds are expressed by:

1 1

Ns — rNS Ns
S-autto Y Ns Xact- auto Y Ns m- auto
Xad/S | aro smt/s

r

auto

2.1.2 Kinetic model for_ mixotrophic growth.
Thekinetic mode for mixotrophic growth has been developed on the same basis as the autotrophic
growth model (TN 32.1), i.e.:
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S ..
rNs _rNs +& nﬁ{\‘ _ 19YNS r.N's.
Xact-mixo ' gr- mixo nj:ls ﬂ Xact/NH3| ixo = M- mixo
ax - mMixo
Ns — 1 Ns 1 Ns
r.S'—mixo - YNS r.Xact— mixo + YNS r.m—mixo
Xac/S mixo Smt/S mixo

2.1.3 Combined modd for_autotr ophic/mixotr ophic growth

The combination of the rates previoudy established for the different possible kinds of growth gives a
generd expression for the kinetic law for the 2 different growth conditions. autotrophy (when CO, is
the sole carbon source) and mixotrophy (when an organic carbon source is added to the autotrophic
medium).

The growth rate for the active biomass is given as the sum of the rates in the different growth
conditions, and the consumption and production of other subsirates are given by:

e K U é K U

Mt o €17 =0 & e - ——=—0

Xact- auto X 4 -auto X s

R 6 K*Coug e — & 6 K+Coug
Xac | e K U S | € K U
s A - s A ,
I’Xact— mixo eAK + C l;J rS’» mixo eAK + C l;‘l
@ Sorga Q @ Sorga Q

K isan arbitrary congtant which determines when the metabolism shifts from autotrophic to
heterotrophic behaviour. This shift is here dependant on the concentration of organic matter. In this
modd, for very low vaues of K, the metabolism shiftsimmediately from an autotrophic to an
heterotrophic growth.

K/[K+Csrga] Can aso beinterpreted as the ratio of cells which have a mixotrophic growth behaviour
to the cdls which have an autotrophic growth behaviour.

2.2 Kinetic parameters

The kinetic parameter vaues of the biologicd modd for Nitrosomonas and Nitrobacter in
autotrophic growth are reported in Table 5. It must be kept in mind that the maintenance coefficients
presented are those calculated in TN 39.2 for the bench column a UAB, in order to have the best
fitting of these experiments.

For the mixotrophic growth, the kinetic parameter values are unknown a the present time. The
generation time reported in the literature are higher in mixotrophic growth than in autotrophic growth,
e.g. for Nitrobacter they range between 30 h and 150 h in mixotrophy Bock, 1991), while the
vaueis about 28 hin autotrophy (Table 5). Despite these observations, as no detailed vaues were
found for the maximum growth rate in mixotrophic growth, the values used in autotrophy will be
conserved.
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For the maintenance coefficient, the problem is alittle more complicated in mixotrophy.

The maintenance reaction in mixotrophy is the oxidation of the N substrate (NH; or NOy), but in
mixotrophy, the organic subgtrate can have a non negligible effect on the energetic metabolism of the
organism and then dso on the maintenance yidds (Table 2). The vadue used for the maintenance
coefficient in autotrophic growth can not be used in mixotrophic growth. As for the maximum growth
rate, thereis no value found in the literature that can be used. Neverthelessit is possble to estimate a
vaue for the maintenance coefficient in mixotrophic growth from the autotrophic maintenance,

Congdering that egquation 1.1 and 1.2 are respectively a representation of the Steady-state for
Nitrosomonas for autotrophy and mixotrophy, the N-oxidation yieds for maintenance are ca culated
as:

1
Mo = 75%. 75

= 0.586 mol NH 3 / g active biomass

Mhyixo = 50%. = 0.044 mol NH 3 / g active biomass

11.24

Using the kinetic equations, the NH; consumption in steady-state (i.€. T o a0 = 0 85SUming no input
nor output of biomass) can be written respectively for autotrophic and mixotrophic growth :

Ns — 1 Ns
MNH3-auto = Ns Ve auto
YNH 3/ NH 3| auto
r Ns - 1 r Ns
NH 3- mixo Ns m- mixo
YNH 3/NH 3| mixo

As the two expressions (mass baance and kinetic equations) are the representation of the same
Stuation, their ratio can be compared :

r Ns
r‘nau'[o — _ NH3- auto
- r Ns
r‘nmixo NH 3- mixo

mixo rnmixo
auto rTL‘UtO

Y Ns
_Ns  UNH3/NH3
- mauto .

Ns
mixo

m

Ns
YNH I NH3

then

mye, = 6.46 10" *mol / g biomass.h
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Reference Remarks
e 5710%0* Hunik et al (1994) mean values
o . calculated
b 3610°h* Hunik et al (1994)
i from several
me 8.6 10° mol/g biomass.h TN 39.2 continuous cultures
e 5.110° mol/g biomass.h TN 39.2
Limiting substrate KNS KNP
NH; 6.625 10° mol/l - Hunik et a (1994) Model parameter
NO; - 3.610*mol/l Hunik et a (1994) valuesfor afixed bed
O, 5.05 10°°mol/I 1.7 10° mol/l Hunik et al (1994) of carragenan beads
HCO,, 10° mol/l 10° mol/l No carbon limitation
Inhibiting substrate INs NP
NOy 0.188mol/h Hunik et al (1992)
NO, - -0.159 mol/I Hunik et a (1992)
N Nb i i
Substrate Yors Yoy g biomass/mol S
NH; -5.0600 -109.8980
NO, 5.3042 -1.3299
NO; 1.3299
0, -4.2335 -3.0361
HCOs -23.1555 -23.1555
HPO,” -1702.6103 -1702.6103
Sofa -5647.6826 -5647.6826
H* -5.3476 654.1102
OH 23.1555 23.1555
H20 5.9356 -49.8719
Ys'\rlf/g YS’\:E/Si mol maintenance
substrate/mol S
Algebraic value
NH; -1
NO, 1 -1
NO; 1
H,O 1
H* 1
O, -05 -15

Table 5a : Kinetic parameter values for autotrophic growth of nitrifiers.
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Reference Remarks
e 5710%h* Hunik et al (1994) mean values
o . calculated
b 3610°h™ Hunik et al (1994)
i from several
me 0.64 10° mol/g biomass.h ESTIMATED continuous cultures
e 8.32 10° mol/g biomass.h ESTIMATED
Limiting substrate KNS KNP
NH; 6.625 10° mol/l - Hunik et a (1994) Model parameter
NO; - 3.610*mol/l Hunik et a (1994) valuesfor afixed bed
O, 5.05 10°°mol/I 1.7 10° mol/l Hunik et al (1994) of carragenan beads
Acetic acid 10°® mol/I 10° mol/I
HCO,, 10° mol/l 10° mol/l No carbon limitation
Inhibiting substrate INs NP
NOy 0.188mol/h Hunik et a (1992)
NO, - -0.159 mol/I Hunik et al (1992)
N Nb i i
Substrate Yors Yoy g biomass/mol S
NH; -21.0447 -109.8980
NO, 26.0291 -1.8028
NO; 1.8028
0, -13.0153 -3.9599
Acetic acid -204.3733 -91.8505
HCO; 44.2405 -46.6939
HPO,” -1702.6103 -1702.6103
Sofa -5647.6829 -5647.6829
H* -27.1078 654.1102
OH -44.2405 46.6939
H20 11.8825 581.7965
Ys'\rlf/g YS’;‘E/S mol maintenance
substrate/mol S
Agebraic value
NH; -1
NO, 1 -1
NO; 1
H,O 1
H* 1
O, -05 -15

Table 5b : Kinetic parameters values for mixotrophic growth of nitrifiers.

The constant K was currently set to Ks of acetate, i.e. the limitation of organic matter (acetic acid)
shifts the metabolism to an autotrophic behaviour.
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2.3 NitriSm softwarev4.0

2.3.1 Changesin the software - Version 4.0

The software developed for the smulation of the fixed bed nitrification process (NitriSm) is
upgraded in order to be enable to smulate the mixotrophic growth of nitrifiers.

The changes concern :

a) the addition of compounds not considered previoudy :

* Acetic acid, and its ionic form, CH;COO'. The physico-chemica constants (K,
gas/liquid partition coefficient) of acetic acid have been detailled in TN 23.1.

* An inet biomass (defined as dead biomass), fixed or free (in case of biofilm
detachment), satisfying the mass balance conservation for the process and entailing
the growth of the biofilm thickness by accumulation of the "inert biomass', while the
growth of active biomass (Nitrosomonas and Nitrobacter) is assumed occurring
only at the surface of the biofilm.

b) the insertion of the mixotrophic modd previoudy detailed, including the stoichiometries for
anabolic growth and maintenance for Nitrosomonas and Nitrobacter, and the kinetic model
for the growth with organic matter.

c) the cdculation of the voidage of the bed as a function of the biofilm thickness This is
interesting for long term operation as the voidage affects both the liquid and gas flows and the
K avaue

2.3.2 Definition of the so-called " inert biomass'

The inert biomass is defined as the "dead biomass'. Then its production rate rinet IS defined as the
lethdity term of the growth rate for the active biomass of both Nitrosomonas and Nitrobacter. For
autotrophy this equation is written asfollows:

Ns Nb O
Ns _ % m LBY Ns Ns € m ng Ns Nb
Mnert-ato = - N ~ &L T Xact/NH3 F'm-auo - - & T Xact/NO2 I'm- auto
S aito n-mb aito
mex- ato @ ax-ato 9

2.3.3 Biofilm thickness and voidage of the bed

The problem of the clogging of the column can be taken into account by caculating the reduction of
the voidage in each part of the column as a function of the biofilm thickness. Assuming a mean
geometry of acdl of 1 x 1 x 1 nm (i.e. 1 mmT) and considering that 1 mg of dry biomass is
equivalent to an average of 3.7 10° cells (Hunik et d., 1994) (Cox et &., 1980, proposed a vaue of
5 10°), arelation can be established giving the average thickness of the biofilm as a function of the
quantity of bacteria (active and inert) fixed. The voidage of each part of the column €" isdefined as

e2

n

e =

Cn

Ns

e+e,. s +Ch, [ +C! B]3.7103

Inert

Memorandum of Understanding
ECT/FG/IMMM/97.012 Page 15



MELIiSSA - Technical Note 45.2 Draft 0.0
Nitrification and organic matter

Note : it was supposed for this formula that the ratio % was constant in the whole column

e VB yp«
whatever the time. This assumption impliesalso: —= = —=o- = —1

=——=——=constant .
€& Veu Uégs

The dogging of the column occurs when €" reaches zero.

It is important to notice tha this caculation must begin with the gart-up of the column, as the
caculated voidage depend on the whole "higtory” of the column. When performing seady date
samulations, the change in the voidage can not be caculated as it is not a Seady-Sate vaue (e.g. the
active biomass can be in steady-dtate for defined operating conditions, but the total biomass induding
fixed inert biomass increases continuoudy)

2.3.4 Voidage of thebed and K, a

The variation of the voidage in the fixed bed can dso affects the k a vaue which can explain the
problems encountered in TN 39.2 for the bench columns. The correction of k,a as a function of the
gas supeficid veocty (TN 39.2) is dgnificantly dependent on the voidage of the bed. The
correction proposed by Perez et d. (TN 43.410) isthen:

Section for the gas at the top (measurement)
Section for the gasin the fixed bed

kLa| Bed — k.a

measured

Thisgivesif the column diameter is congant (e.g. pilot column) :

kLa| Bed = ékLaI measured
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3 Simulation of UAB columns with/without or ganic matter

The amulations performed can only give an overview of the behaviour of the nitrifying columns when
organic matter is present. If stoichiometric equations and growth yidds are well established, the
kinetic parameter values remain uncertain as they are taken from autotrophic parameters.

In order to observe the effects of organic matter on the growth and the nitrification yields a
mixotrophic and an autotrophic growth in the same operating conditions were compared. The
experiment chosen isthe so-called M5 experiment of TN 39.2.

For the amulation of the bench column, a 15-tanks in series modd was chosen with a liquid back-
mixing of 9 mi/min (TN39.2). The K a is corrected from the measured value considering the change
in the superficid gas veocity in the different parts of the column (section 2.3.4).

3.1 Bench experiment chosen for_testing the mixotr ophic growth mode

The bench experiment M5 was chosen because the identified K a vaue (eg. vdue required to
obtain smulations results in steedy-state congstent with experiments) is close to the corrected value
(e.g. cdculated consdering the effect of the increase of gas superficid veocity ingde the fixed bed)
(TN 39.2). Neverthdless it must be kept in mind, as the corrected vaue is about 19 K and the
identified valuein TN 39.2is 24 i, it remains a little discrepancy between efficiencies predicted by
the smulation (Table 7) and the experimental ones (Table 6).

The operating conditions of the experiments used for the smulations are reported in Table 5a. Both
for amulation of mixotrophy and autotrophy growth, the columns were stated assuming at t=0 a
fixation of an homogenous population of Nitrosomonas and Nitrobacter on the beads, equivaent to
0.1g dry biomass L liquid for the both nitrifiers.

Operating Input Input NH;z (g N/I) Nitrite (g N/I)  Nitrate (g N/I)  Total nitrogen
conditions (g N-NH4/l) kg N-NH4/L.h
DR=0075"" 0.3 0.0225 0.25 (x 0.006) 05(x0003) 0287(x0010) 0.317(x0.019)
RT=13h
15ml ar/min 7.9% 1.6% 90.5%

8.3%* 17%* 95.7%* 105.7%*

Table 6 : Bench columns in steady-date (Perez et d. TN 37.520; TN 43.410) - Details of
experiment M5.(TN 39.2). * Calculation based on input concentration.

3.1.1 Autotrophic growth smulation for M5 oper ating conditions
A steady state can be observed after 600 h. Output concentration of N-compounds are reported in
Figure 4, and the efficiencies predicted at steady State are reported in Table 7.

Input NH; (g N/I) Nitrite (g N/I) Nitrate (g N/I)
(g N-NHJ/l)
0.3 0.059 0.01 0.224

20% 3% 75%

Table 7 : Smulation of the UAB bench column for M5 operating conditions in Steedy-date
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The concentrations and biomass profiles are reported in Figures 6. The oxygen limitation appears
clearly (Figure 58) and drives the distribution of the active biomass of Nitrosomonas (Figure 5b)
and Nitrobacter (Figure 5¢). Biomass concentrates at the top and at the bottom of the bed where
liquid back-mixing with the top and the bottom parts of the column enables higher oxygen availability.
Theinert biomass (Figure 6d), after 1000 hours, constitutes the mgjor part of the total biofilm: it can
represent up to 10 times the active biomass.

The accumulation of biomass increases the biofilm thickness and then reduces the voidage of the bed

(Figure 5e). The voidage at the bottom of the bed was set to 0.55 at the start of the smulation and
fal to 0.5 after 1000 hour operation.

3.1.2 Mixotrophic growth smulation for M5 oper ating conditions

The mixotrophic growth is obtained by the addition of 10 mM of acetic acid in the input medium.
After 600h the steady-dtate is not completely reached. The nitrification efficiencies calculated are
reported in Table 8 and the output concentrations of N-compounds are reported in Figure 6.

As for autotrotrophic growth, the process is limited by oxygen transfer. The limitation is more
important in mixotrophic condition as nitrite is the main product obtained at the output of the column.
The oxygen limitation affects aso the acetic acid consumption so that less than 13% of the subgirate
is consumed.

Input Input NH; (g N/I) Nitrite (g N/I) Nitrate (N/I)  Aceticac.
(g N-NH3/l) acetic ac. g/l g/l
03 06 0.015 0.23 0.058 053

6% 78% 14%

Table 8 : Smulation of bench column for M5 operating conditions in steady-state with organic matter
(acetate).
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Because of oxygen limitation, the concentration profiles ingde the column are smilar for autotrophic
and mixotrophic growths (Figures 5). But for tota biomass (active or "dead” Nitrosomonas and
Nitrobacter) the quantity produced in mixatrophic growth is much higher.

For Nitrosomonas, for example, the biomassin mixotrophy is up to 100 times grester than in
autotrophy (Figure 4b). The effect of biomass accumulation has important effects on the voidage
ingde the bed (Figure 5e). After 600h the bottom of the fixed bed has a voidage of only 0.18,
ingeed of theinitid vaue of 0.55 (e.g. 32% of initid vaue).

The biofilm thickness is of course dso increased and biofilm trangfer limitation problems must occur.
But it must be noted that these limitations phenomena are not taken into account in the model
developed.

Memorandum of Understanding
ECT/FG/IMMM/97.012 Page 19



MELIiSSA - Technical Note 45.2 Draft 0.0
Nitrification and organic matter

3:--:;:
e T
-.mm“"“-x_\_‘_h f""ﬂ?ﬂ”
h-—"'_'_HT;lz o
1000 o
s Eakrn fegh [m} o 10 20 aW A0 BB GW AW

Autotrophy Mixotrophy
Figure 4a : Smulation of dissolved oxygen profile in bench columns for operating conditions of
experiment M5. Mixotrophy is represented by a plane projection of a 3D profile (as thisis reported

for autotrophy).
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Figure 4b : Smulaion of the Nitrosomonas biomass in bench column for autotrophic and
mixotrophic growth. In these representations each band corresponds to one of the tanks of the
model. Note that the top of the figure corresponds to the bottom of the column.
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Figure 4c : Nitrobacter biomass digribution in
autotrophic growth smulation.
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Figure 4e : Evolution of the voidage insde bench column for autotrophic and mixotrophic growths.
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3.2 An example of non oxygen limited mixotrophic growth : the UAB pilot column

Asit is difficult to operate bench columns without oxygen gas-liquid trandfer problems (TN 39.2), it
can be interesting to Smulate the mixotrophic growth without such oxygen limitations problems. Then
agmulation of a mixotrophic growth was performed with the pilot column, with the characteristics
presented in TN39.2. A 15-tank column without back-mixing was used for the smulations.

In order to be consstent with the smulations performed for the bench column, the concentrations of
input substrate are those used in the M5 experiment operating conditions (Table 8). The flow rates
used for the pilot column are also reported in Table 8. 1t can be outlined that in order to be certain of
the absence of oxygen limitation, there is no gas recirculation.

The steady-dtate for output compounds is quickly reached (about 200h) and the results are reported
in Table 9. Nitrification is total (about 100% of nitrate produced from ammonia), but acetic acid is
not completey exhausted (52% remaining)). The N-source is limiting for both energetic metabolism
and growth.

Operating conditions Liquid: 0.18 10° m*/h
Lig. Recycling. : 0.108 102 nh
Gas: 0.18m/h
Gas Recycling. 0. m/h

K_ameasured (Top of the column): 50 h™*

NH3 (g N/I) Ac. Acid (g N/I)  Nitrite (g N/I) Nitrate (g N/I)

Input 03 0.6
Output (Steady-state) 0. 031 #0.3 #0.3
0.% 0.02% 99.98%

Table 9 : Operating conditions for the smulaion of the pilot column and Steady-dtate output
concentrations.

The concentrations and voidage profilesinsde the fixed bed are reported in Figures 7.

Figure 7a shows that oxygen is used only at the bottom of the bed, and is a good indicator of the
locdlisation of the biologicd (i.e. nitrification) activity. Thisis confirmed by figure 7b which shows that
Nitrosomonas biomass is concentrated at the bottom of the column. It is worth to note that if the
output concentrations have reached a steady-state in about 200h, the biomassis not in steady-date.

The concentration profile for ammonia and acetic acid concentrations profiles are reported in Figure
7c and Fgure 7d. First, both ammonia and acetic acid are quickly consumed. When ammonia
becomes limiting, the acetic acid concentration increases until a steady state vaue. It can be outlined
that the output concentrations are representative of the concentrations inside the bed.
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Figure 7c : Ammonia concentration profile
indde the pilot column for mixotrophic growth.
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Figure 7a : Dissolved oxygen profile
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Figure 7d : Acetic acid concentration profile
ingde the pilot column for mixotrophic growth.
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Asfor the bench column smulations, the biomass produced in mixotrophic growth in the pilot column
is very important (Figure 7b). The effect on the voidage of the bed is thus not negligible (Figure 7€).
After 400h, the voidage in the first tank of the fixed bed (bottom of the bed) has fdlen from 0.37 to
0.11.
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Figure 7e :Evolution of the voidage of
the bed during mixotrophic growth in the
pilot column.
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Conclusion

The overd|l stoichiometric equations have been established for both autotrophic and mixatrophic
growths. The yields calculated for mixotrophic growth are 4.5 102 moles acetic acid/g dry biomass
for Nitrosomonas, 1.1 102 moles acetic acid/g dry biomass for Nitrobacter and about 4.4 107
moles acetic acid/g dry biomass for the co-culture. It must be take in mind that this lagt yidd is
cadculated assuming that there is no limitation for the mixotrophic growth, and tha there is no
autotrophic growth. In case of adua growth autotrophy-+mixotrophy, the yield will decrease.

The stoichiometric modd enables to take into account compounds such as PHB and NOx gas, but
their productions depend on the culture operating conditions (mainly limitations) and are then difficult
to introduce in amass balance modd without kinetic relations.

The kinetic modd for both autotrophic and mixotrophic growths previoudy presented in TN 32.1
has been integrated into the NitriSim software, but the estimation of the kinetic parameters for the
mixotrophic model remains problematic.

By taking into account the dead biomass in the cdculation of the biofilm thickness, the growth of the
biofilm during long operations of the column can be determined. This growth of the biofilm leads to a
decrease of the voidage of the bed, and can fill in the column.

As attempted, the impact of the organic matter on the growth of the biofilm is very important, and

clogging can appear rapidly.

Simulations were performed to test the modd and to observe, for smilar operating conditions, the
effect of the organic matter on the nitrifying performances and on the overal behaviour of the column.
The main result is the important impact on the biofilm thickness. The bidfilm diffuson limitation can
not be neglected, but it must be kept in mind that if biofilm diffuson is taken into account the modd
complexity and the computation time will be increased.

The oxygen requirements are much higher in presence of organic matter and thus nitrification
efficiency isreduced if the operating conditions are close to oxygen limitation conditions.

Acetic acid can be completely consumed if the growth is not limited by another substrate (O, or N
source). It can be noted that the effect of alimitation by O, or N-source will probably lead to the
synthesis of PHB, but this phenomenon is not taken into account.

The saturation congant value used is uncertain, mainly for Nitrosomonas which is usudly more
sengble to organic matter than Nitrobacter.
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