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Anaerobic digestion is an attractive treatment technology for concentrated waste streams. However, high
ammonia concentrations cause inhibition of methanogenesis, especially when operated at elevated temperatures
like (hyper-)thermophilic (55 and 70 ◦ C) anaerobic digestion. These emerging (hyper-)thermophilic technologies
are beneficial due to high conversion rates and pathogen removal, but are more susceptible for ammonia toxicity
as consequence of a temperature-induced pKa shift. Determination of NH3-N (free ammonia nitrogen (FAN); toxic
form) concentrations is conventionally based on an equilibrium model and the total ammonia nitrogen con
centration (TAN). However, the conventional equilibrium model overestimates the FAN concentration and
therefore we developed an Ionic Activity Model which takes the ionic strength and organic matter interactions
into account. The difference between the two models could mainly be attributed to the high ionic strength of the
waste stream, whereas interactions with organic matter had a smaller effect. Based on this Ionic Activity Model
and batch experiments at hyper-thermophilic conditions, we found that acetoclastic methanogenesis was
completely inhibited at FAN concentrations exceeding 588 mg/L, whereas hydrogenotrophic methanogenesis
could produce methane up to 925 mg/L. During thermophilic and hyper-thermophilic black water treatment, the
ionic strength and organic matter interactions resulted in NH3 concentrations below the inhibitory threshold.
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1. Introduction
Domestic wastewater is an important source of nutrients, of which
toilet water (black water; BW) holds the main fraction. Separation at the
source is a novel approach in sanitation which is preferred for efficient
energy and nutrient recovery from domestic wastewater [5]. Source
separation means that the different domestic wastewater streams, being
toilet water, rainwater, bathroom water and kitchen waste, are sepa
rately collected at the source. As a result, BW contains both the main
organics fraction and the major part of nutrients as nitrogen, phospho
rous and potassium as compared to other domestic wastewater con
tributors. Anaerobic digestion is an interesting treatment for BW, as it
facilitates recovery of nutrients and re-use as fertilisers in agriculture.
Removal of pathogens, prior to re-use of human excreta based nutrients
is required to guarantee food safety. Anaerobic treatment has the benefit
of energy recovery, low excess sludge yield and potentially production
of hygienically safe products [11,20,22,35,38]. Within the framework of
the EU Horizon 2020 project Run4Life (http://run4life-project.eu),
thermophilic anaerobic digestion (TAD) and hyper-thermophilic

anaerobic digestion (HTAD) are studied, because of their potential to
eliminate pathogens and thus ensure safe resource recovery (55 ◦ C for
TAD and 70 ◦ C for HTAD). Anaerobic treatment of concentrated BW at
thermophilic conditions already showed successful pathogen elimina
tion [22] along with 70% CODtotal removal and 62% methanisation
based on CODtotal load during treatment in an UASB at a retention time
of 8.7 days and organic loading rate of 3 kgCOD/m3/day [23]. The
performance of HTAD, in terms of COD removal and methanisation, is
inferior to TAD which is possibly the result of growth inhibition as
consequence of the temperature or pH, but is also likely to be affected by
ammonia toxicity. The BW is collected in a concentrated manner
through source separation with vacuum toilets which results in a
nitrogen-rich stream containing high concentrations of total ammonia
nitrogen (TAN) and ultimately free NH3-N (Free ammonia nitrogen;
FAN), whose toxicity could compromise the (hyper-)thermophilic
anaerobic digestion process performance [33]. Ammonia inhibition has
been widely studied, which resulted in a large variety of inhibitory
concentrations, especially with regard to methanogenesis which is the
most sensitive step during AD [7]. The effect of ionic strength (total
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concentration of ionic compounds in a matrix) is often neglected during
the determination of FAN concentrations. This has already been
acknowledged as important contributor to the overestimation of FAN
concentrations and thus inhibitory concentrations [7,28]. Additionally,
organic matter can interfere with the NH4+/NH3 equilibrium, which has
not yet been widely studied. Therefore, this study aims to determine the
effect of ionic activity on the NH4+/NH3 equilibrium in concentrated BW
to ultimately move towards an approach in which organic matter in
teractions are also taken into account.
Several studies have been performed on the effect of ammonia on the
metabolic pathway especially during the final methanogenesis step. In
general, these studies concluded that at conditions with 2–3 g/L TAN
and the resulting FAN concentrations, both during mesophilic and
thermophilic anaerobic digestion, a shift in methanogenic pathway oc
curs from acetoclastic methanogenesis towards syntrophic acetate
oxidation coupled to hydrogenotrophic methanogenesis (SAO-HM) [13,
17,18,30]. FAN plays a key role in the methanogenesis process and up to
date there is a lot of ambiguity in the exact ammonia conditions where
toxicity starts to play a role, which may be caused by simplified models
for the determination of free ammonia. Additionally, BW is a complex
stream with high ionic strength and solids content which potentially
influences the physical-chemical determination of the NH4+-NH3 equi
librium [23].
High ammonium concentrations in waste streams lead to complica
tions during anaerobic treatment, due to the toxic effect on microor
ganisms. FAN is the main contributor and its toxicity is a well described
phenomenon in mesophilic and thermophilic anaerobic digestion. Toxic
effects of FAN on methanogens are often attributed to either its ability to

freely transport into the cell, which causes a proton imbalance or po
tassium deficiency or to its inhibitory effect on methane producing en
zymes [9,28,31]. Ammonia toxicity becomes more important when
operating a reactor at higher temperatures due to an equilibrium shift
towards FAN. The pKa, which is the dissociation constant describing the
equilibrium of ammonium and ammonia based on the total ammonium
concentration is 9.2 at room temperature, but shifts towards 8.0 at
hyper-thermophilic conditions (70 ◦ C). This indicates that 47% of the
TAN is in the toxic FAN from at 70 ◦ C at pH of 8.0 instead of 5% at room
temperature [12]. Eqs. (1)–(3) show the equilibrium model (blue box in
Fig. 1) describing the effect of temperature and pH on the ammonium
equilibrium as used in the Anaerobic Digestion model No 1 (ADM1) [4,
7].
Ka = 10−

pKa

[H+ ][NH3 ]
= [ +]
NH4

(1)

51965( 1 − 1 )
R 298.15 T

(2)

Ka = Ka_25 ∗ e
NH3 -N =

[TAN]
1 + 10pKa −

pH

(3)

where Ka is the temperature dependent dissociation constant; [H+] is the
proton concentration or negative logarithm of the pH; [NH3] is the total
free ammonia concentration (FAN); [NH4+] is the ammonium concen
tration; T is the temperature in K; [TAN] is the total ammonia nitrogen
concentration, thus [NH4+-N] + [NH3-N]; KA_25 is the dissociation
constant at 25 ◦ C (10− 9.25) and R the gas constant (8.314 J mol− 1 K− 1).

Fig. 1. Schematic overview of the modelling procedure in PHREEQC. Grey boxes represent data inputs. The green box represents the Ionic Activity Model whereas
the orange represents the Ionic Activity Model with organic matter interactions, where organic matter interactions are added to the database of the Ionic Activity
Model (dashed arrow). The black arrows show the modelling steps; solution speciation based on input and the database parameters and the subsequent reaction with
the gas phase. The FAN concentrations from an input file are determined with the conventional model (blue box). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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The inhibitory ammonium or ammonia concentrations observed
with different substrates (with high nitrogen contents) under different
temperature conditions have been determined by others (Table A1). The
inhibitory effect during anaerobic digestion is often assessed based on
the influence of ammonia on the methane production applying the
equilibrium model described in Eqs. (1)–(3) to determine the inhibitory
FAN concentration, which is only valid in dilute solutions. As was also
indicated by Rajagopal et al. [28] and Capson-Tojo et al. [7], previous
studies on FAN toxicity (listed in Table A1) use the simple equilibrium
model and thus probably overestimate the free ammonia concentration
and thereby underestimate the toxic effect of free ammonia.
The equilibrium model described with Eqs. (1)–(3) is not valid in
complex matrices with non-ideal behaviour of ammonium or with high
concentrations of TAN and inorganic carbon [14]. Recently, Palakodeti
et al. [26] already suggested that more complex modelling is required
for accurate FAN concentration predictions. This model is needed to
describe the effect of the presence of ions which affect the activity of
both ammonium and ammonia [3,24]. The ion activity coefficients of
ammonia and ammonium (γNH3, γNH4) are affected by other ions, which
is not accounted for in the equilibrium model [15]. The activity coeffi
cient corrects for non-ideal behaviour of the ions, as is shown in Eq. (4),
which is an analogue of Eq. (1) [24]. In order to more accurately
determine the FAN concentration a more complex model, described by
Hafner et al. [15] is used. This Ionic Activity Model uses the Pitzer
theory to describe speciation in complex manure streams. The Pitzer
theory is an extended Debye-Huëckel model for solutions with ionic
strengths that exceed 0.1 mol/kg [14]. The Pitzer equation is based on
empirical parameters which are used to determine the
temperature-dependent activity coefficient of every ion based on the
interaction with other ions present in the solution.
Ka =

γH [H+ ]γ NH3 [NH3 ]
[
]
γ NH4 NH+
4

2. Materials and methods
2.1. Ammonia tolerance by methanogens
Batch experiments assessing the ammonia tolerance of methanogens
when fed with H2/CO2 or acetate were performed with sludge (diges
tate) from a thermophilic (55 ◦ C) sludge digester from the municipal
wastewater treatment plant in Echten, Netherlands, which was not
previously adapted to high ammonia concentrations. The Echten sludge
had a total solids (TS) concentration of 34 g/L TS and a volatile solids
(VS) content of 21 g/L VS. The TAN concentration of the sludge was
1.5 g/L TAN with a pH of 7.4, which results in an ammonia concen
tration of 130 mg/L FAN (Based on Eqs. (1)–(3)). This FAN concentra
tion is lower than potential toxic concentrations as described by
previous studies (Table A1). Previous experiments (data not shown)
showed that this thermophilic sludge was best capable, in terms of
methane yield, of digesting BW at both 55 and 70 ◦ C. The batch
experiment protocol was adapted from Angelidaki et al. [2]. Sludge was
added to 120-mL bottles (exact volume 117.6 ± 0.77 mL) containing
50 mL of liquid phase. The same sludge was used to start-up thermo
philic and hyper-thermophilic UASB reactors (V = 4.9 L) treating
concentrated BW, where thermophilic treatment was most successful
[23]. The batch bottles were closed with a butylrubber stopper and an
aluminium cap. The headspace was exchanged with N2 (overpressure
20 kPa) in case of acetoclastic activity or H2/CO2 for hydrogenotrophic
activity. Substrate was provided either through adding a concentrated
sodium acetate solution (concentration 100 g/L COD or 115 mM) or by
weighing the appropriate sodium acetate trihydrate crystal (Sigma
Aldrich, Saint Louis, United States) to a nominal concentration of 2 g/L
COD (i.e. 100 mg COD/bottle). Otherwise, H2/CO2 was applied to the
headspace gas composition with an artificial 80:20 (vol%) H2:CO2 gas
mixture. A digestion medium was prepared containing all required
macro- and micronutrients as described by Ni et al. [25]. Addition of the
macro- and micronutrients solution resulted in dilution of the sludge.
Acetate bottles had 0.9 g/L VS sludge on average and were amended
with 0.26–5.9 g TAN/L which corresponds to 0.13–1.7 g/L FAN (based
on the equilibrium model with the pH after the lag-phase). Hydrogen
bottles had 1.1 g/L VS amended with 0.34–6.1 g/L TAN corresponding
with 0.12–1.4 g/L FAN (based on the equilibrium model with the
average pH over the total runtime of the experiment). An overview of
the conditions per batch series can be found in Table A2. The pH was
changed to 7.8 by addition of 0.25 M NaOH to mimic the acidity con
ditions in the continuous (hyper-)thermophilic UASB reactors [23]. Two
concentrated NH4Cl solutions (14 and 27 g/L NH4Cl-N), of which the pH
was increased to 7.8 with 0.25 M NaOH, were used to increase the TAN
concentration. Addition of ammonia is done after replacing the head
space gas content to prevent loss of volatilised ammonia gas during
vacuuming. Two sets of controls were incorporated in the experiment,
one set containing only medium (blank) and one set containing medium
with sludge. For both control groups the headspace was exchanged with
100% N2. The batch bottles were incubated in a shaker rotating at
100 rpm at 70 ◦ C. TAN was measured at the start of each experiment and
pH was regularly assessed as well as methane production. To this end, in
total 2 mL sample was drawn from the acetate bottles 1–2 times per
week and 0.5 mL from the hydrogen bottles daily (only pH was moni
tored during the hydrogen batch experiments) to analyse pH and VFA
concentrations. Methane production was calculated based on absolute
pressure and the methane content of the headspace according to the
ideal gas law. At each sampling point analyses of the headspace were
performed for which 150 µL gas samples were drawn.

(4)

Hafner and Bisogni [14] describe an approach in which the specia
tion of ammonia is predicted in anaerobic digesters treating high ionic
strength waste streams. Here, the Ionic Activity Model as developed by
Hafner and Bisogni [14] was further enhanced with organic
matter-cation interactions. In high organic waste streams, as BW (and
manure), the effect of binding and thus immobilising of NH4+ to organic
matter can have an effect on the NH4+ concentration in the bulk liquid,
which could consequently lead to lower FAN concentrations.
Knowledge on the inhibitory effect of ammonia on TAD and HTAD of
concentrated BW can be widely applied to other waste streams with high
(potential) ammonia concentrations, e.g. streams rich in protein [34].
Studies reporting the effect of ammonia on livestock wastes as swine
[16] or cow manure [1] and potato leachate [19] are a few examples
indicating the relevance of good understanding of the inhibitory effect of
ammonia. Furthermore, ammonia inhibition on the separate methano
genic pathways in hyper-thermophilic conditions has not been widely
studied before. Therefore, the aim of this study is to apply the Ionic
Activity Model along with organic matter interactions to accurately
predict the FAN concentrations during batch experiments. To our
knowledge, there is no research done yet on FAN inhibitory concen
trations during hyper-thermophilic anaerobic digestion for acetoclastic
and hydrogenotrophic methanogenesis separately. These batch experi
ments, along with the Ionic Activity Model with organic matter in
teractions, will be used to determine inhibitory FAN concentrations for
acetoclastic and hydrogenotrophic methanogenesis. Additionally, the
same model is applied on BW at (hyper-)thermophilic conditions. Pre
viously, these conditions were studied during continuous BW treatment
for safe nutrient and energy recovery. In this study the Ionic Activity
Model and batch experiments are combined to gain insight on FAN
concentrations and potential inhibition at these (hyper-)thermophilic
conditions with real BW.

2.2. Modelling ammonia equilibrium
The Ionic Activity Model (green box in Fig. 1) is written in the USGS
speciation model PHREEQCv3.4.0. PHREEQC is a geochemical model
designed to perform a wide variety of calculations in aqueous streams
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[27]. In this study, the database created by Hafner and Bisogni [14] was
used, which is in fact the custom PHREEQC Pitzer database supple
mented with parameters for essential interactions concerning the
ammonia equilibrium. The extensive database contains all relevant
ion-interaction parameters involved in the NH4+-NH3-equilibrium, as
well as equilibrium constants which are all valid up to 70 ◦ C at least.
Data on hydroxyapatite was obtained from the phreeqc.dat database and
added in this study. Anaerobic conditions were modelled by selection of
the appropriate redox conditions. An input file for the Ionic Activity
Model was created which describes the batch bottle conditions, tem
perature (70 ◦ C), pH and which creates an isovolumetric gas phase filled
with the inert N2 gas. The Ionic Activity Model uses Henry’s law to
determine partial NH3 pressure in the headspace gas. An additional
input file describing the contents of real BW, collected by vacuum toi
lets, was created to model the ammonia equilibrium in thermophilic
(55 ◦ C) and hyper-thermophilic (70 ◦ C) treatment in anaerobic di
gesters. The Ionic Activity Model first calculates the speciation of the
ions in the solution, based on the input file and the parameters in the
database. Subsequently, the isovolumetric gas phase, containing 100%
N2 is added to the solution to determine volatilisation of gases and the
final composition of the solution. The schematic approach of the
PHREEQC model is shown in Fig. 1. The compositions for the input files
of the batch bottles and BW that were used for the model, are shown in
Table A3.
NH+
4

+ Org < − > NH4 Org

(5)

K=

γNH4 org [NH4 Org]
[
]
−
γNH4 NH+
4 ∗ γ Org [Org ]

(6)

I=

−

y2 − y1
y0 − 2∗Δx
x0

2.3. Analytical methods
Biogas production in the batches was measured with regular pressure
measurements with a handheld pressure sensor (GMH3150, Greisinger
Electronics, Germany) and the headspace gas was analysed with gas
chromatography (GC; Shimadzu GC-2010, Japan) for oxygen nitrogen,
methane and carbon dioxide [8]. Hydrogen was analysed in a separate
GC (HP-5890a, USA) as described by Steinbusch et al. [32]. Gas Chro
matography (Agilent 78090B, USA) with a flame ionisation detector
(FID) was used to analyse the liquid samples and determine concentra
tions of SCFAs and MCFAs (up to C-8) as described by [29]. Liquid
samples were centrifuged (10.000 rpm, 10 min) and diluted with milli-Q
water and finally with a formic acid solution to 1.5 vol%. Chromeleon
software (version 6.80 SR13) was used to integrate peaks and generate
data [10]. Hach-Lange kits were used for TAN (LCK303) and COD
(LCK514). Samples for TAN were centrifuged (10.000 rpm, 10 min)
prior to dilution of the supernatant. The elemental composition of the
used sludge was analysed with Inductive Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES Perkin Elmer AVIO 500). The sludge
was pre-treated with microwave (ETHOS EASY Advanced Microwave
Digestion System, Milestone Srl, Italy) destruction in aqua regia (HCl
and HNO3 in a 3:1 molar ratio).
3. Results
3.1. Modelling the ammonia equilibrium in complex matrices
The Equilibrium Model overestimates the NH3 concentration
compared to the Ionic Activity Model, as was already demonstrated by
Hafner and Bisogni [14] and Capson-Tojo et al. [7]. Especially at higher
initial TAN concentrations (Fig. 2), the ionic interactions in the complex
model resulted in a decreased NH4+ activity coefficient (γNH4), following
from Pitzer interactions as described by Hafner and Bisogni [14], which
explains the lower NH3 concentrations in the complex model as
compared to the Equilibrium Model (Fig. A1).
To assess the effect of organic matter on the NH4+ concentration in
solution, the interactions between organic matter and the most promi
nent other cations (K+, Na+, Ca2+) in BW was modelled. In the batch
bottles, both the organic matter concentration and the concentrations of
the cations were lower than in BW, due to dilution with the nutrient
solutions. Binding of NH4+ with organic matter slightly decreased the
FAN concentration, whereas other cations were unable to influence this
equilibrium (Fig. 3). Organic matter cation interactions for both the
batch experiments (acetate) and BW under thermophilic and hyperthermophilic conditions were assessed. For modelling the batch

(7)

To determine the effect of organic matter (orange box in Fig. 1), a
negatively charged ion called “Org-” was added to the database repre
senting all organic matter. The Org- represents the volatile solids frac
tion as determined by dry weight analyses. Similarly, Visscher et al. [36]
determined an empirical equilibrium constant of 3 to accurately
describe the interactions between organic matter in swine lagoons with
NH4+. This equilibrium constant (Log K = 0.477) was taken as starting
point for the description of organic matter interactions with NH4+. A
sensitivity analysis was performed based on Eq. (7) [21] with the con
ditions of the BW/acetate batch bottles and different Log K values (± 0.5
times the initial (x0) Log K of 0.477). In Eq. (7), I represents the
dimensionless sensitivity index, x1 the Log K value of x0-Δx and x2 the
Log K value of x0+Δx with corresponding resulting NH3 concentrations
y0, y1 and y2. Additional runs of the model, with initial log K values of 5
and a Δx of 4.523 (or 10 and 9.046 for Ca2+ to correct for its divalent
character) were performed to determine the effect of magnitude of the
equilibrium constants of other cations (Na+, K+ and Ca2+) on the
NH4+/NH3 equilibrium, since these other cations can compete with
NH4+ for organic matter interactions. An example stoichiometric reac
tion for the cationic interaction with organic matter is shown in Eq. (5)
and the accompanying equilibrium formula in Eq. (6). The log K values
were selected based on Cabaniss [6], who refers to these log K values as
belonging to moderate binding sites. The different Log K values (x1 and
x2) for sensitivity analyses for Ca2+, Na+, K+ can be found in Table A4, as
well as the different cations that were selected to balance the charge of
the initial solution which depends on the cations that were used in the
sensitivity analyses. The effect of the cationic interactions was deter
mined based on the different outcomes of the NH3 concentrations from
the Ionic Activity with and without organic matter interactions as shown
in Fig. 1.

Fig. 2. Modelling results from the Ionic Activity Model without organic matter
interactions in the batch experiments with different initial ammonia nitrogen
(TAN) concentrations at pH 8 and 70 ◦ C. Dashed lines indicate the Equilibrium
Model based on Eqs. (1)–(3).
4

Journal of Environmental Chemical Engineering 9 (2021) 106724

M.J. Moerland et al.

Fig. 3. Sensitivity analysis of the log K values for organic matter interactions of NH4+ and Ca2+ and their effect on the NH3 concentration in the Ionic Activity Model
with organic matter interactions in continuous (hyper-)thermophilic anaerobic digestion of concentrated BW and batch experiments with acetate and a nominal
concentration of 6.0 g/L TAN.

conditions, pH 8.0 and 7.5 were tested for cation interactions, since this
is the pH range in which the experimental batches were performed
(Table 1). For continuous BW treatment almost the same pH range was
applied, only with a pH of 8.3 as upper limit since that is the average pH
in the reactor [23]. In Fig. 3 the sensitivity analyses of the equilibrium
constants of NH4+(LogK-x0 = 0.477, LogK-x1 = 0.239, LogK-x2 = 0.716)
and Ca2+(LogK-x0 = 10.00, LogK-x1 = 19.046, LogK-X2 = 0.954) are
shown in thermophilic and hyper-thermophilic treatment of BW (initial
TAN of 1.0 g/L) and the acetate batch bottles with 6.0 g/L TAN at
hyper-thermophilic conditions. These conditions are shown, because the
batch bottles had low organic matter content whereas the organic matter
content in BW is higher with a lower TAN concentration. Other sensi
tivity analyses were shown in Fig. A2. The equilibrium constant of
NH4+-organic matter interactions influences the resulting NH3 concen
tration, whereas the equilibrium constant of organic matter interactions
with Ca2+ does not influence the NH4+/NH3 equilibrium. The same was
observed for the other cations (Fig. A2). Sensitivity indices show values
of < − 0.15 for the equilibrium constant of NH4+ during (hyper-)ther
mophilic BW treatment, indicating a medium negative impact based on
the four sensitivity (small/negligible, medium, high and very high)
classes provided by Lenhart et al. [21]. In the batch conditions, with
lower organic matter content, the sensitivity is smaller (− 0.02 to
− 0.06). For the other cations, the sensitivity is < 0.03, meaning that
these have a positive yet negligible influence on the NH3 concentration.
Fig. 3 only shows a small representable part of the data due to the high
resemblance in the different conditions. The results from all sensitivity
analyses at all conditions (pH 7.5 and lower TAN concentrations in the

batches) can be found in Fig. A2 and Table A5.
In wastewaters with higher organic matter content than in the batch
bottles (1197 mg/L VS), like the BW (8818 mg/L VS) used in continuous
treatment, interactions between organic matter and cations result in up
to 21% lower NH3 concentrations compared to results from the Ionic
Activity Model without organic matter interactions (Fig. 3). For TAD and
HTAD this means that, based on the Ionic Activity Model with organic
matter interactions (used equilibrium constants: NH4+ = 0.477, Ca2+ =
0.954 and Na+ = 0.477), the modelled free ammonia concentrations are
270 and 457 mg/L FAN respectively with total ammonia concentrations
of 1000 mg/L TAN and a pH of 8.3.
3.2. Ammonia inhibition during batch experiments
The developed Ionic Activity Model with organic matter interactions
was used to determine the actual FAN concentrations in the used batch
experiments and these were compared to values obtained by the con
ventional equilibrium model (Table 1). For the acetate experiments, the
pH after the lag phase was used, for hydrogen experiments the average
between the initial and final pH was used. The difference between the
two models was bigger in the hydrogen experiments compared to the
acetate experiments, as consequence of a slightly lower pH (7.5 instead
of 7.7 in the 6.0 g/L TAN bottles, where the NH4+ interactions with
organic matter had a bigger influence on the ammonia equilibrium).
3.2.1. The effect of ammonia on hydrogenotrophic methanogenesis
Fig. 4A shows the methane production curve from the hydrogen

Table 1
Comparison of the aqueous free ammonia concentrations for the acetate and hydrogen batch experiments determined with the equilibrium model and the Ionic Activity
Model with organic matter interactions (K+ organic matter interactions were disabled, since K+ was used as charge balance ion).
pH
0.3 g/L
TAN
1.5 g/L
TAN
3.0 g/L
TAN
4.5 g/L
TAN
6.0 g/L
TAN

Acetate
NH3 equilibrium model FAN [mg/
L]

NH3 Ionic Activity Model FAN
[mg/L]

pH

Hydrogen
NH3 equilibrium model FAN [mg/
L]

NH3 Ionic Activity Model FAN
[mg/L]

8.0

127

112

7.8

122

111

7.9

749

588

7.7

513

401

7.8

1074

830

7.7

882

706

7.7

1378

1002

7.5

1009

662

7.7

1686

1272

7.5

1414

925
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Fig. 4. Average methane production curves for all TAN conditions under H2 fed conditions at pH 7.5–7.8 (A) and conditions under acetate fed conditions at pH
7.5–8.0 (error bars from the triplicates are excluded, except for the final measurements due to unrealistic high errors caused by unsynchronised start of the methane
production phase in the triplicates) (B).

experiments under different ammonia concentrations. Blanks and
negative controls are not included, since there was no activity observed
in any of these bottles. The positive control, of which the TAN concen
tration was not increased, contained 0.3 g/L TAN (111 mg/L FAN)
which originates from the medium and sludge. There is no difference in
methane production rate between the positive control and the bottles
with 1.5 g/L TAN and 3.0 g/L TAN (401 and 706 mg/L FAN). At con
centrations of 4.5 and 6.0 g/L TAN (662 and 925 mg/L FAN) a slight
inhibition on the initial methane production rate can be noted, but the
total conversion of hydrogen and carbon dioxide in methane after 48 h
of incubation is equal to the conversion in the 0.3 g/L TAN bottles after
40 h.
Mass balances between hydrogen consumption and methane pro
duction over time for the bottles are shown in Fig. A3. The mass balances
show a slight difference between the 0.3 g/L TAN (111 mg/L FAN) and
the 6.0 g/L TAN (925 mg/L FAN) bottles in terms of lag-phase and total
runtime. The 6.0 g/L TAN bottles show a slightly longer lag-phase and
slower methane production and accompanied hydrogen consumption,
which results in a 8 h extended experiment time compared to 0.3 g/L
TAN to consume almost all hydrogen and achieve the same methane
production as the positive control. In all cases (including the other ex
periments containing the intervening ammonia concentrations) all
hydrogen is metabolised to methane, and the maximum methane pro
ductivity is about 1300 mgCH4-COD/gVS/day.

series, hydrogen further accumulates beyond day 12. Mass balances
from all experiments are shown in Fig. A4.
With concentrations of 3.0 g/L TAN (830 mg/L FAN) or higher there
is complete inhibition of methanogenesis during the first 25 days in the
first experiment (Fig. 4B). However, after 25 days production of
methane started in one of the three triplicates containing 3.0 g/L TAN
(in an additional triplicate experiments with 3.0 g/L TAN again a single
bottle resulted in methane production; data shown in Fig. A5). However,
methane production was clearly inhibited at 3.0 g/L TAN as compared
to 0.3 and 1.5 g/L TAN (112 and 588 mg/L FAN). There is no or low net
acetate consumption observed in the inhibited experiments with more
than 1.5 g/L TAN as can be seen in Fig. 4B. Even though the final
methane production is not affected up to 1.5 g/L TAN, the lag-phase
before methane production takes off is increased. In all experimental
bottles on acetate, with and without methane production, hydrogen
accumulation was observed (Fig. A6). With 0.3 g/L TAN there is
2 ± 0.1 mg COD of hydrogen accumulated in the headspace after 24
days of incubation which gradually increases with increasing TAN
concentrations to 8 ± 0.6 mg COD of hydrogen. The maximum aceto
clastic methane production rate was 215 ± 102 and 294 ± 138 mgCH4COD/gVS/day for the 0.3 and 1.5 g/L TAN bottles respectively. This is
lower than the maximum methane production rates achieved in the
hydrogenotrophic experiments.
4. Discussion

3.2.2. The effect of ammonia on acetoclastic methanogenesis
Under acetate-fed conditions there is a tolerance up to at least 1.5 g/
L TAN (588 mg/L FAN) as shown in Fig. 4B. Fig. 4B shows that without
extra added ammonia (0.3 g/L TAN or 112 mg/L FAN), production of
methane starts after 10 days of incubation. At the first increased TAN
concentration (1.5 g/L TAN or 588 mg/L FAN) there is still adequate
conversion to methane starting after a lag-phase of 13 days. In both
conditions there is accumulation of hydrogen prior to methane pro
duction, indicating that the acetate is converted through H2/CO2 (SAOHM) (Fig. A4). Hydrogen accumulates up to 12 days of incubation and is
then consumed in the uninhibited batch series. When complete
ammonia inhibition occurs, as in the 6.0 g/L TAN (1272 mg/L FAN)

4.1. Inhibition of acetate based methanogenesis possibly caused by
decreased interspecies hydrogen transfer
When acetate is used as substrate, there was no or only slight inhi
bition of methanogenesis with FAN concentrations up to 588 mg/L FAN,
where the FAN concentration is calculated with the Ionic Activity
Model. At this concentration, acetate is expected to be converted via
syntrophic acetate oxidation combined with hydrogenotrophic meth
anogenesis. This is also supported by the observed lag-phase in the ac
etate bottles. This could be a consequence of the establishment of a new
SAO-HM pathway, which was also suggested in continuous (hyper-)
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thermophilic BW treatment based on a microbial community analysis
[23]. When FAN concentrations exceed 588 mg/L, acetoclastic meth
anogenesis is inhibited. Since hydrogenotrophic methanogenesis is un
inhibited up to 925 mg/L FAN and hydrogen does accumulate in the
inhibited acetate batches, the ammonia is thought to inhibit the syn
trophic relationship between acetate oxidisers and hydrogenotrophic
methanogens. In the 0.3 and 1.5 g/L TAN bottles with acetate, hydrogen
accumulated up to 12 days after which it was converted to methane. In
the inhibited bottles, hydrogen accumulated beyond these 12 days. This
shows that the syntrophic acetate oxidisers were active, whereas the
hydrogenotrophic methanogens were inhibited. This is in contrast with
an earlier study which showed that hydrogenotrophic methanogens are
at least equally, but probably less, susceptible to ammonia inhibition
than SAOB [37]. However, Wang et al. [37] observed that a thermo
philic syntrophic acetate oxidiser, Thermoacetogenium phaeum, was
increasingly inhibited at increasing TAN concentrations ranging from
0.26 to 7 g/L. T. phaeum was not detectable in the sludge used in the
batch experiments, but did emerge in the continuous
hyper-thermophilic black water treating UASB [23]. Inhibition of SAOB
in our batch tests could have resulted in a hydrogen production that was
too slow for the hydrogenotrophic methanogens. More research on the
influence of ammonia on different syntrophic acetate oxidising species
would be required to understand the implications of FAN on the
SAO-HM pathway.
The inhibitory FAN concentration during acetate-based methano
genesis of 830 mg/L is in line with multiple studies as shown in
Table A1. However, it should be noted that those studies determined the
FAN concentration based on the equilibrium model, which means that a
comparison with result in the current study is difficult. In order to
accurately compare results between different ammonia inhibition
studies, an in-depth analysis of the matrix composition in which the
ammonia equilibrium takes place is required. In a recent review study, a
meta-analysis was performed on the inhibitory FAN concentrations
found in previous studies [7]. Capson-Tojo et al. [7] applied a modified
Davies equation to determine the FAN concentration of previous studies
in retrospective. It was found that inhibitory FAN concentrations could
be clustered in six different classes. The fourth cluster (IC50 458 mg/L
FAN, KImax = 741 mg/L FAN), mainly contained thermophilic digesters
treating nitrogen-rich wastewater. The KImax (concentration where at
least 94% of the initial methanogenic activity is lost) by Capson-Tojo
et al. [7] is close to results obtained in this study where we found
830 mg/L FAN as concentration for complete inhibition of
hyper-thermophilic methanogenesis of acetate.

outcomes of the Ionic Activity Model with organic matter interactions
with concentrated BW during thermophilic and hyper-thermophilic
treatment showed a decrease in FAN concentration of 21% as
compared to the Ionic Activity Model without organic matter in
teractions. This decrease is higher compared to the maximum 5%
decrease as consequence of organic matter interactions at lower organic
matter concentrations. However, it should be noted that the used equi
librium constants were estimated based on literature and not validated
in the current study. The BW FAN concentrations for both TAD (270 mg/
L FAN) and HTAD (457 mg/L FAN) are under the inhibitory concen
trations as found in the batch experiments. As a result of applying the
Ionic Activity Model with organic matter interactions it was thus shown
that both TAD and HTAD of concentrated BW should be below the
threshold concentrations for (partial) FAN inhibition which were
determined with the batch experiments in this study. Also in the BW
Ionic Activity Model, changing the log K values of Ca2+, K+ and Na+ did
not have an influence on the FAN concentration.
The influence of the other cations than NH4+ is thus restricted to
their contribution to the ionic strength and consequent decrease in ion
activity of ammonia. It should be noted that the Ionic Activity Model is a
model based on equilibria and does not take kinetics into account.
Possibly, higher affinity of divalent cations like Ca2+ towards organic
matter results in higher kinetics and thus in more binding to organic
matter which is not taken into account in equilibrium calculations.
Lastly, organic matter was lumped into a single compound for reasons of
simplicity, whereas in actual digesters different groups of organic matter
exist which also change over time during biological conversions. How
ever, in this study a wide range of equilibrium constants was applied for
the lumped organic matter component resulting in a small effect on the
ammonia equilibrium and therefore an Ionic Activity Model with more
detailed parameters on organic matter interactions is not expected to
result in significantly different FAN concentrations.
5. Conclusion
From this study it can be concluded that, besides ionic activity, in
teractions of organic matter with NH4+ can influence the NH4+/NH3
equilibrium depending on the organic matter concentrations. Based on
the sensitivity analysis in this study, it is not necessary to take in
teractions of other cations (Ca2+, K+ and Na+) with organic matter into
account. With this Ionic Activity Model with organic matter interactions,
inhibitory FAN concentrations in thermophilic and hyper-thermophilic
conditions for hydrogenotrophic and acetoclastic methanogenesis
were determined, albeit with unvalidated equilibrium coefficients for
cationic organic matter interactions. It was shown that between 1.5 and
3.0 g/L TAN (corresponding determined NH3 concentrations being 588
and 830 mg/L FAN respectively) there is a decreased methane produc
tion for acetate-based methanisation at hyper-thermophilic conditions.
As compared to acetoclastic methanogenesis, hydrogenotrophic
methanisation has a much higher tolerance for ammonia, up to 925 mg/
L FAN. The effect of FAN on syntrophic acetate oxidation remains un
clear and further research is required for this complex syntrophic rela
tion. This study showed that accurate determination of inhibitory FAN
concentrations requires not only experiments with different TAN con
centrations, but also accurate determination of the matrix composition
followed by modelling including ionic activities and in some cases
cationic organic matter interactions.

4.2. Implications of ionic strength and cationic organic matter
interactions for free ammonia modelling
Ionic activity affects the NH3 concentration in anaerobic digestion
matrices with high ionic strength. Up to 25% overestimation of the more
conventional equilibrium model was found. Previous researches already
suggested improved FAN modelling with ionic activity [3,14,24].
At lower organic matter concentrations (1197 mg/L VS) sorption of
NH4+ is thought to have minor effect on the free ammonia concentration
due to the presence of cations with more affinity towards sorption, like
Ca2+ [24]. In this study, the effect of sorption of NH4+ to organic matter
in the batch experiments was also found to be minimal. In comparison to
simulations without organic matter interactions, the NH3 concentration
in the bulk liquid decreased slightly, as a result of a slightly decreased
NH4+ activity. Independently of the wide range of equilibrium constants
used for the different cations, it was shown that the decrease in NH4+
activity was independent of the equilibrium constants of Ca2+, K+ and
Na+ with organic matter. This indicates that with the Ionic Activity
Model, organic matter content and equilibrium constants, NH4+ binding
is independent of the affinity of other cations with organic matter.
At higher organic matter concentrations (8818 mg/L VS), a more
substantial influence on the NH3 concentration was found. The
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