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ABSTRACT

Ammoniacal nitrogen and long chain fatty acids (LCFA) are common inhibitors of the anaerobic digestion
process. However, the interaction between these inhibitors has received little attention. Understanding the
interaction between these inhibitors is important to optimise the operation of anaerobic digesters treating
slaughterhouse waste or using fat, oil and grease (FOG) as co-substrate among others. To study the interaction
between ammoniacal nitrogen and LCFA inhibition, 20 different conditions were trialled in mesophilic batch
tests. Experimental conditions included 5 mixtures between slaughterhouse wastewater and LCFA (100:0, 75:25,
50:50, 20:80, 0:100 on a VS basis), each one tested at 4 different ammoniacal nitrogen concentrations (0, 1, 3, 6
gNadded-L'l). Experimental and modelling results showed that ammoniacal nitrogen inhibition was less severe in
LCFA-rich mixtures, indicating that LCFA mitigated ammoniacal nitrogen inhibition to a certain extent. How-
ever, the positive interaction between inhibitors did not only depend on the LCFA concentration. A protective
LCFA coat that limited the diffusion of free ammonia into the cell and/or provided a localised lower pH in the
vicinity of the microbial cell could explain the experimental results. However, ammoniacal nitrogen and LCFA
inhibition comprise up to 6 different but interrelated inhibitors (i.e. NH3, NH,", LCFA, VFA, H; and pH) and
therefore the specific mechanism could not be elucidated. Nonetheless, these results suggest that LCFA do not
exacerbate TAN-related inhibition and that LCFA-rich substrates can be utilised as co-substrates in mesophilic N-
rich digesters.

1. Introduction

substrates, ideally with complementary characteristics, are mixed for
combined treatment. Despite the potential benefits of combining

Anaerobic digestion (AD), a biological process that transforms
organic matter into biogas, is a commercial reality used to treat several
organic waste streams (Mao et al., 2015). However, single substrates AD
(mono-digestion) can present challenges related to the intrinsic prop-
erties of the substrate, which can lead to poor biogas yields and insta-
bility events (Hagos et al., 2017; Mata-Alvarez et al., 2014). For
instance, AD of slaughterhouse waste (SHW) may present operational
problems linked to the high concentrations of long chain fatty acids
(LCFA) and ammoniacal nitrogen, both well-known inhibitors of ace-
toclastic methanogens (Capson-Tojo et al., 2020; Elsamadony et al.,
2021; Palatsi et al., 2011; Rajagopal et al., 2013).

Anaerobic co-digestion (AcoD) is the process where two or more
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complementarity substrates, in practice, co-substrate selection is pri-
marily based on availability and economic criteria (Mata-Alvarez et al.,
2014; Nghiem et al.,, 2017). Random or heuristic decisions on
co-substrate selection and dosage can lead to negative effects on di-
gesters performance (Garcia-Gen et al., 2015a; Xie et al., 2016). Fat, oil
and grease (FOG) is amongst the most researched and applied co-
substrates. However, most research has focused on boosting biogas
production by means of optimising the mixing ratio or by increasing the
loading rate, while little attention has been given to the interaction
between inhibitors (Hagos et al., 2017; Long et al., 2012; Mata-Alvarez
et al., 2014; Xie et al., 2016). AcoD research has overlooked potential
synergetic or antagonistic interactions between inhibitors, which can
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play a significant role in AD performance and stability, and therefore
should be considered for co-substrate selection.

Ammoniacal nitrogen (sum of NH3 and NH4") and LCFA are among
the most common inhibitors in AD systems (Capson-Tojo et al., 2020;
Chen et al., 2014; Elsamadony et al., 2021). However, they are char-
acterised by completely different inhibition mechanisms. The inhibition
mechanism of ammoniacal nitrogen is primarily linked to the capacity of
ammonia (NH3) to diffuse into the microbial cell, causing proton
imbalance and potassium deficiency (Kayhanian, 1999; Rajagopal et al.,
2013). However, ammoniacal nitrogen inhibition has also been related
to high ammonium ion (NH4") concentrations, which may inhibit
methane-synthesising enzymes (Astals et al., 2018; Lay et al., 1998;
Yenigiin and Demirel, 2013). Co-digestion studies for N-rich AD systems
(mostly animal manure or food waste) primarily aim to balance total
ammoniacal nitrogen (TAN) concentration by adding a carbon-rich
substrate such as crop wastes, paper/cardboard waste and crude glyc-
erol (Hagos et al., 2017; Mata-Alvarez et al., 2014; Xie et al., 2016).
Lipid-rich waste streams such as grease trap waste, oil mill wastes, and
dissolved-air flotation sludge are also very attractive co-substrates for N-
rich digesters, since they are carbon-rich and have high methane yields
(>600 mLCH4-gVS’1) (Long et al., 2012; Salama et al., 2019). None-
theless, lipid dosage needs to be managed to avoid inhibition by LCFA
(Elsamadony et al., 2021; Long et al., 2012). The inhibitory mechanism
of LCFA is associated with their capacity to be adsorbed onto the mi-
crobial cell membrane, forming a barrier that disrupts membrane
functionality and limits the transfer of substrates and products (Pereira
et al., 2005; Rasit et al., 2015; Rodriguez-Méndez et al., 2017).

The inhibitory interaction between ammoniacal nitrogen and LCFA
is not well understood, however, it may have a major impact on co-
substrate selection and dosage for N-rich AD systems. To date, the few
publications addressing this subject have reported conflicting results.
Based on a dynamic model, Angelidaki et al. (1999) suggested that the
addition of lipids could alleviate NHj3 inhibition as a result of an
increased biomass growth. In the model, higher biomass concentrations
were required to degrade the additional carbon, where NHj inhibition
decreased due to inorganic nitrogen uptake for biomass growth. How-
ever, Wang et al. (2016) calculated that biomass growth only uptakes 23
mg of ammoniacal nitrogen per gram of lipid degraded. Thus, the impact
of biomass growth on the NH3 concentration is negligible. Besides, Wang
et al. (2016) reported a negative interaction between ammoniacal ni-
trogen and lipids, when the ammoniacal nitrogen concentration in a
thermophilic digester fed with cattle manure and glycerol trioleate was
increased from 4 to 5 gTAN-Ll. In a subsequent study by the same
research group, Tian et al. (2018) hypothesised that the negative
interaction between ammoniacal nitrogen and LCFA was caused by the
inhibition of methanogens by NHs, which increased the H, concentra-
tion and made LCFA B-oxidation less thermodynamically favourable.
This hypothesis was supported by thermophilic batch and continuous
experiments. Contrariwise, Fernandes et al. (2012) reported no impact
of ammoniacal nitrogen concentration (up to 7.8 gTAN~L'1) on the
degradation kinetics of tributyrin under mesophilic conditions. How-
ever, tributyrin is more easily hydrolysable than LCFA, and therefore it
is expected to be less inhibitory than LCFA (Fernandes et al., 2012).
While Tian et al. (2018) analysed the interaction between ammoniacal
nitrogen and LCFA under thermophilic conditions (theoretically more
prone to ammonia and LCFA inhibition), no systematic research has
been conducted under mesophilic conditions. It is important to state that
thermophilic results cannot be extrapolated to mesophilic conditions
since temperature plays a significant impact on LCFA solubility and on
ammoniacal nitrogen fractionation, which can have a strong impact on
the observed response.

The goal of this work was to study the interaction between ammo-
niacal nitrogen and LCFA in mesophilic anaerobic digestion. To achieve
this goal, wastewater from a cattle slaughterhouse was used as a base
substrate due to (i) its high protein content and (ii) the relevance of this
research to slaughterhouse AD applications. The cattle slaughterhouse
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wastewater was co-digested with LCFA at different ammoniacal nitrogen
concentrations. Specifically, 20 different conditions were tested in batch
tests, comprising 5 mixtures of slaughterhouse wastewater and LCFA,
each of them at 4 different ammoniacal nitrogen concentrations. To gain
further insight, the experimental results were also analysed using a
mathematical model.

2. Materials and Methods
2.1. Substrates, inoculum and chemicals source

The slaughterhouse wastewater used in this study was collected from
a cattle-only slaughterhouse in New South Wales (Australia). The
wastewater (so-called red stream (RS)) was a mixture of wastewaters
from the slaughter floor and rendering areas of the slaughterhouse,
which was pre-treated using a dissolved-air flotation (DAF) unit to
reduce its lipid content. Extra-virgin olive oil (Carbonell S.A., Spain) was
used as a source of LCFA. Olive oil mainly contains oleic, linoleic and
palmitic acids (Orsavova et al., 2015). Ammonium chloride (Merck
KGaA, Germany) was used as external source of ammoniacal nitrogen.
The inoculum was collected from the bottom layer (~3 m) of an
anaerobic lagoon located at the aforementioned slaughterhouse. The
anaerobic lagoon treats a mix of wastewater from the slaughterhouse
after its pre-treatment to reduce its coarse solids and lipid content. The
composition of the RS and the inoculum is shown in Table 1. A more
detailed characterisation is provided in Table S1 in the supplementary
material.

2.2. Anaerobic batch tests

Mesophilic batch tests were carried out in 310 mL serum bottles
following Angelidaki et al. (2009) and Holliger et al. (2016). The tests
contained inoculum, the amount of substrate (RS) and/or co-substrate
(olive oil) needed to obtain the desired mixture, and the amount of
ammonium chloride needed to reach a specific TAN concentration. All
tests had an inoculum-to-substrate ratio (ISR) of 2 on a VS basis. No
external buffers or trace elements were added. The pH of each bottle was
measured after adding all the reagents (the pH was never adjusted). A
blank assay containing only inoculum was used to correct the back-
ground methane production from the inoculum endogenous respiration.
The headspace of each bottle was flushed with 99.99 % N gas for 1 min
(4 L-min~ ). The bottles were sealed with a rubber stopper, retained
with an aluminium crimp seal and stored in an incubator at 37 £ 1 °C. At
each sampling event, the biogas volume and composition (CH4, CO, and
Hj) were measured using a bench-top manometer and a gas chromato-
graph, respectively. The tests were mixed by swirling before each sam-
pling event. Cumulative volumetric gas production was calculated from
the pressure increase in the headspace volume and expressed under
standard conditions (0 °C, 1 atm, dry). The test with oleic acid and
inoculum was also used as a positive control. All tests were carried out
until the daily net methane production was lower than 1% of the

Table 1
Characteristics of the red stream and the inoculum. Errors represent the 95%
confidence interval in the mean value (n = 3).

Parameter Units Red stream Inoculum
pH - 6.5+ 0.1 7.1+0.1
TS gLt 6.2+ 0.1 18.6 + 0.1
VS gL? 5.7 + 0.1 13.9+ 0.1
TCOD g0,.L! 10.6 + 0.8 22.0 +£2.3
sCOD g0,.L! 5.5 + 0.2 0.2+0.1
Lipids gL? 2.1+0.2 -

VFA mg Lt 189 + 11 7+1
TAN mgN-L? 68 + 2 282+ 7
TKN mgN-L! 232+ 15 1237 + 41
PO,4-P mgP-L! 35+2 34+2
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cumulative net methane production for at least 3 consecutive days
(Holliger et al., 2016). The TAN concentration and pH of each bottle
were measured immediately after the final sampling event. All tests and
blanks were carried out in triplicate.

2.3. Experimental design

The experimental design used in this study is summarised in Fig. 1.
The experiment consisted of different combinations of RS and olive oil
(LCFA source). The experiment included mono-digestion references for
RS (0 LCFA/100 RS) and LCFA (100 LCFA/0 RS), and 3 co-digestion
mixtures (i.e. 25 LCFA/75 RS, 50 LCFA/50 RS, 80 LCFA/20 RS on a
VS basis). This co-digestion mixtures were designed to study a wide
range of proportions between both substrates. Each combination was
tested at four different ammoniacal nitrogen concentrations: one control
with no added TAN (referred as 0 gTANadded-L’l) and three additional
concentrations where TAN was added to the background concentration,
i,e.1,3and 6 gTANaddedL'l. TAN concentrations were chosen based on
literature values for low, medium and high TAN inhibitory concentra-
tions (Capson-Tojo et al., 2020; Lu et al., 2018; Rajagopal et al., 2013;
Yenigiin and Demirel, 2013). Therefore, a total of 20 different conditions
were tested. Table S2 in the supplementary material provides additional
information on the initial and final characteristics of each batch, i.e.
added TAN and LCFA concentrations, measured TAN concentrations, pH
values, and estimated NH3 concentrations.

2.4. Analytical methods

Analyses of the total fraction were performed directly on the raw
samples. For analyses of the soluble fraction, the samples were centri-
fuged at 2500 x g for 5 min and the supernatant was filtered through a
0.45 pm PES Millipore® filter. Total solids (TS) and volatile solids (VS)
were measured according to Standard Methods 2540G (APHA, 2012).
Total (TCOD) and soluble (sCOD) chemical oxygen demand were
measured using Merck Spectroquant® test kit and a Move 100 color-
imeter (Merck, Germany). pH value was measured with a TPS WP-80D
multi-parameter meter equipped with a TPS-121210 micro pH sensor.
Volatile fatty acids (VFA, i.e. acetic, propionic, butyric and valeric acid)
were analysed with an Agilent 7890A gas chromatograph equipped with
an Agilent DB-FFAP column. Lipids were measured as FOG using S316 as
extraction solvent and a Wilks InfraCal TOG/TPH analyser. TAN and
total Kjeldahl nitrogen (TKN) were determined with a Lachat Quick-
Chem® 8500 flow injection analyser following the manufacturer’s
protocol. Ammonia concentration (gNH3-N-L™!) was calculated using
equation (1) (Capson-Tojo et al., 2020) where the acid-base equilibrium
constant for inorganic nitrogen (K,) at the assay temperature (37 °C) is
1.27-10°. The activity coefficients (y;) in equation (1) were calculated

6 olf 17 18 19 20
' . . ® .
&
H 11 12 13 14 15
g 3 ® ® ® *
=
o0 6 7 8 9 10
> 1 ® ? ® .
=
1 2 3 4 5
0 . * . .
0/100 25/75 50/50 80/20 100/0
VSLCF.—\NSRS

Fig. 1. Experimental design of this study, consisting of 5 different mixtures of
red stream (RS) and LCFA, all tested at four different ammoniacal nitrogen
(TAN) concentrations.
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using the procedure and modified Davies equation suggested by Capson-
Tojo et al. (2020) (equation (2)), where ionic strength (I) was calculated
considering that the only two contributors were the NH4' and its
monovalent counterion.

K, - TAN+,

H; —N= 1

NH; — N Koy, + 10 9 (€D)]
r-osi)

logy, = —0.5- —0.1276-1 2

£71 (1 i (2

Metals were quantified by inductively coupled plasma optical
emission spectrometry (ICP-OES) using a Perkin Elmer Optima 7300DV.
Biogas composition (CH4, CO3, Hy and Ny) was determined using a
Shimadzu GC-2014 equipped with a HAYESEP Q 80/100 packed column
and a thermal conductivity detector.

2.5. Mathematical modelling of the methane production curves

The methane production curves were modelled using a first-order
kinetic model (equation (3)) (Peces et al., 2020; Zonta et al., 2013).
As for Romero-Guiza et al. (2016), model fitting was performed on raw
methane production curves prior to blank correction, this approach
allowed to model the reduced background methane production in
inhibited tests. The methane production from the inoculum was
modelled using a two-substrate first-order kinetic model since the one-
substrate first-order kinetic model did not properly fit the blank pro-
file. In the two-substrate first-order kinetic model, the substate is split
into a rapidly biodegradable and a slowly biodegradable fraction (Gar-
cia-Gen et al., 2015b; Weinrich et al., 2020).

r= Z(350'fi'ki’Xi'Ci'ILCFA'IN) 3

i

where r is the process rate (mLCH4-L'1-day’1), 350 is the conversion
ratio based on the maximum theoretical methane yield at standard
conditions (mLCH,4-gCOD™), f; is the biodegradability of the substrate
(), kj is the first-order rate constant of the substrate (day_l), X; is the
substrate concentration (gVS-L’l), C; is the COD-to-VS ratio of the sub-
strate, Ircpa is the inhibition factor for LCFA, and Iy is the inhibition
factor for ammoniacal nitrogen. Subscript i is either RS, LCFA, inoculum
fast fraction or inoculum slow fraction. Note S1 in the supplementary
material provides detailed information regarding the model.

Inhibition factors were included to model the impact of LCFA (Ircpa)
and ammoniacal nitrogen (Iy) on batch test results. Inhibition factors
range from 1 (no inhibition) to 0 (total inhibition). LCFA inhibition was
modelled using a threshold inhibition (equation (4)) (Arnell et al., 2016;

( LCFA] —Kljefa.min )

Peces et al., 2020).
ILCFA = 2.77259( >
. (

where [LCFA] is the long chain fatty acids concentration (gVSLCFA-L'l),
Kljefasmin is the LCFA concentration where inhibition starts (onset con-
centration), and Kljcfa max is the LCFA concentration at which the inhi-
bition is almost complete (I cpa~0).

The ammoniacal nitrogen inhibition factor (Iy) was implemented as
a correction factor not linked to any physico-chemical property to allow
the model to find the Iy value that best fitted the experimental data. This
approach was chosen because the implementation of an inhibition
function was unable to fit the experimental data, likely because the
interaction between ammoniacal nitrogen and LCFA did not allow
modelling the experimental results using a single set of inhibition pa-
rameters. Furthermore, due to the low NH3 and NH4" concentrations, it

was assumed that Iy was 1 in all the batch tests with no added TAN. The
batch test modelling was done following three steps:

1
> for[LCFA] < Klicta min

/T = P lefamin 4
Sor[LCFA] > Klicga min @

Kliefa max ~Klicfa,min )
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. The blank test was modelled to determine: finocuum,fasv finocutum,slows
kinoculum, fasts kinoculum,slow-

. Using the inoculum parameters, the 5 batch tests with no added TAN
were jointly modelled to determine: frs, ficfw krs Kkicfo Klicfamin
KIlcfa,max-

. Using the stoichiometric and kinetic parameters determined in step 1
and 2, the Iy that best fitted the experimental data were individually

determined for each of the tests carried out at 1, 3 and 6 gTANgded-L”
1

The model was implemented in Aquasim 2.1d. Parameter uncer-
tainty was estimated based on a two-tailed t-test on parameter standard
error around the optimum, and non-linear confidence regions were also
tested to confirm that the linear estimate was representative of true
confidence (Jensen et al., 2011). The objective function minimised was
the sum of squared errors (Xz), where average data from triplicate ex-
periments were used as the model target.

3. Results
3.1. Individual LCFA and TAN inhibition

3.1.1. LCFA inhibition

Fig. 2 displays the normalised degradation curves of the tests per-
formed without TAN addition, from which the impact of LCFA addition
can be directly assessed. The methane cumulative curves were normal-
ised against the final methane yield to provide a more direct comparison
between tests (Fig. S1 in the supplementary material displays the non-
normalised curves and their standard deviation). Fig. 2 shows how
degradation kinetics decreased as the LCFA content in the mixture
increased. This behaviour can be explained by the lower degradation
rate of LCFA (0.05 day_l) compared to RS (0.22 day_l) and by the
associated LCFA inhibition (Table 2).

3.1.2. TAN inhibition

Fig. 3A and 3E show the cumulative methane production from RS
and LCFA mono-digestion tests at 0, 1 and 3 gTANaddedL'l, respectively.
Fig. 3 does not display the cumulative methane production of the test
carried out at 6 gTANadded-L'1 since these assays were completely
inhibited. From both mono-digestion results, the individual impact of
TAN inhibition can be assessed. The addition of 1 gTAN-L™! only had a
minor impact on RS and LCFA degradation kinetics compared to the
0 gTANadded-L'l. Nonetheless, the addition of 3 gTAN~L'1 had a notice-
able impact on LCFA degradation kinetics, where the observed first-
order degradation kinetics decreased from 0.05 to 0.03 day '. The

M "4‘;: b5 S e e S
.f /" s
0.8 A
~ %7 A “
~ / r'y
o "
1 ' 9
& 0.6 - %'/ R
< F
= [
S s A
g ¢ L
S 0444
] ;A
.
&b ¥ - e -0LCFA/I00RS
a 0o |2 - = -25LCFA/75RS
! 4--50 LCFA/50 RS
é 80 LCFA/20 RS
100 LCFA/O RS
0.0 = . . . . . . .
0 10 20 30 40 50 60 70

Time (days)

Fig. 2. Normalised degradation curves (as fraction of the final methane yield)
of the batch tests performed without TAN addition.
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Table 2
Calibrated stoichiometric and kinetic parameters for RS, LCFA and inoculum.
Errors represent the 95% confidence interval.

Parameter Units

frs - 0.85 + 0.01
ficta - 0.87 + 0.02
finoc,fast - 0.04 + 0.01
finoc,slow - 0.23 + 0.02
Krs day? 0.22 + 0.01
Kicta day* 0.050 + 0.007
kinoculum,fasl day71 0.40 + 0.01
Kinoculum,stow day™! 0.016 = 0.002
Klicfa,min gvs-L! 41+03
Klicfa,max gVs.L? 15.9 + 3.2

addition of 3 gTAN-L™! to RS had a severe impact on test results where no
net methane production was recorded for over 50 days (Fig. 3A). The
addition of 6 gTAN-L"! completely inhibited both mono-digestion ex-
periments since no net methane production was recorded for over 100
days.

3.2. Combined LCFA and TAN inhibition

Fig. 3B — 3D show the cumulative methane production from RS and
LCFA co-digestion at 0, 1 and 3 gTANadded~L’1. The addition of 1 gTAN-L"
! had little impact on co-digestion degradation kinetics. Indeed, the
degradation kinetics of 25 LCFA/75 RS and 50 LCFA/50 RS were not
visibly affected at 1 gTANaddedL'l. The addition of 3 gTAN-L'1 had a
higher impact on the degradation kinetics. TAN inhibition was more
severe on the test with lower LCFA content (i.e. 0 LCFA/100 RS and 25
LCFA/75 RS) where no net methane production was recorded for over
50 days (Fig. 3A and 3B). Tests with higher LCFA concentrations did not
show such strong inhibition. The 80 LCFA/20 RS was the less inhibited
testat 3 gTANaMQUyL'1 followed by the 100 LCFA/0 RS and the 50 LCFA/
50 RS tests. The lesser extent of inhibition in the test with higher LCFA
content indicates that LCFA may have mitigated TAN inhibition.

Another approach to examine the interaction between LCFA and
TAN is to compare experimental and theoretical prediction curves from
the co-digestion experiments. Theoretical co-digestion curves are based
on the combination of mono-digestion curves (RS and LCFA) at a
particular TAN concentration over time and proportioned to the amount
of substrate present in the mixture (Fig. 4). The comparison shows that
the theoretical and experimental plots at 0 and 1 gTANaMerL'1 were
quite similar for all mixtures, while at 3 gTANaddedL'1 the proportion-
ality was lost. The 25 LCFA/75 RS mixture was more inhibited than
expected while the two other mixtures (50 LCFA/50 RS and 80 LCFA/20
RS) were less inhibited than expected. These results reinforce the idea
that LCFA alleviated ammoniacal nitrogen inhibition to a certain extent.

3.3. Modelling outputs

Table 2 shows the model stoichiometric and kinetic parameters for
RS, LCFA and inoculum. Fig. 5 displays the experimental data and the
modelled curves from which stoichiometric and kinetic parameters were
obtained (i.e. 0 gTANaddedL'l). RS and LCFA biodegradability were high
(>85%). The first-order hydrolysis rate constant for RS was much higher
than the one for LCFA (0.22 day ™! and 0.05 day !, respectively). The
estimated onset concentration for LCFA inhibition (Kljcfamin) Was 4.1
gVS-L'! (~12 gCOD-L™Y). This indicates that the 80 LCFA/20 RS and the
100 LCFA/0 RS tests were moderately inhibited by LCFA (initial LCFA
concentration of 4.8 and 6.9 gVS~L‘1, respectively; Table S2). The Kljcf,,
max Was estimated at 15.9 gVS~L'1.

Fig. 6 shows the ammoniacal nitrogen inhibition profile of the batch
tests, where the TAN inhibition factor (Iy) ranges from 1 (white, no
inhibition) to 0 (black, total inhibition).

The Iy factor of each test and the experimental vs. the modelled
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Fig. 3. Cumulative methane yields for the anaerobic mono- and co-digestion batch tests at different TAN concentrations. This figure does not display the 6
gTAN,qgea-L ! results (all tests were completely inhibited) neither negative yields where the blank produced more methane than the test. Error bars show the standard

deviation among replicates.

curves can be found in Table S3 and Fig. S2 in the supplementary ma-
terial. As expected, the model estimated a lower Iy factor (higher inhi-
bition) for the tests carried out at higher TAN concentrations. Model
outputs also showed that LCFA could mitigate TAN inhibition since tests
with higher LCFA concentration were less inhibited by ammoniacal ni-
trogen than tests with lower LCFA concentration (brighter area in Fig. 6
bottom right corner). For example, when the TAN concentration was 3
gTANaddedL‘l, the Iy was 0.06 in the 0 LCFA/100 RS and increased to
0.51 in the 80 LCFA/20 RS.
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4. Discussion
4.1. Impact of TAN on the degradation of RS, LCFA and their co-digestion

TAN related inhibition was discarded in the test carried out without
TAN addition since NH3 and NH4" concentrations were far below re-
ported inhibitory values elsewhere (<8 mgNHs-N-L! and <300
mgTAN~L'1; Table S2) (Astals et al., 2018; Capson-Tojo et al., 2020;
Rajagopal et al., 2013; Yenigiin and Demirel, 2013). TAN inhibition was
evident in the RS mono-digestion tests (Fig. 3A), where the addition of 1
and 3 gTANvL’1 led to moderate (Iy = 0.57) and severe (Iy = 0.06)
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Fig. 4. Comparative of the experimental (dots) and theoretical (lines) methane
yields for the co-digestion tests at different TAN concentrations. The theoretical
curves were calculated using the mono-digestion results and the amount of RS
and LCFA in the mixture.

inhibition of RS degradation, respectively. The severe inhibition noticed
in the RS tests at 3 ((;TAN,(,(Med-L‘1 was primarily linked to NH3 inhibition
since the initial and final pH value of the tests was very similar to the
control test (0 LCFA/100RS, 0 gTANadded-L'l). Methanogens are more
sensitive to TAN inhibition than other trophic groups in AD (Batstone
et al., 2002; Rajagopal et al., 2013). Therefore, the most plausible sce-
nario to explain RS severe inhibition at 3 gTANadded~L'1 is that the
decline of methanogenic activity caused by NHs, without reducing the
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Fig. 5. Experimental (dots) and modelled (lines) cumulative absolute methane
production curves at 0 gTANadded-L'l.

activity of other anaerobes, resulted in the accumulation of VFA which
further inhibited the methanogenic community in a feedback loop that
led to process failure. RS had a degradation rate constant of 0.22 day ",
which is higher than that of LCFA (0.05 day1). It is also likely that the
accumulation of VFA was accompanied by a temporary decrease in pH,
which could have also contributed to a decreased methanogenic activity.
However, the impact of pH on methanogenic activity depends on the
sensitivity of methanogens to both pH and NHj inhibition since a
decrease in pH would also have decreased NH3 concentration. This
suggests that the 50 days lag phase was probably caused by the accu-
mulation of VFA due to NHj3 inhibition. If NH3 inhibition could be
avoided (e.g. with a more resistant archaeal community adapted to NHs
inhibition), it is likely that the lag phase would have been largely
mitigated (Capson-Tojo et al., 2020; Fotidis et al., 2013; Regueiro et al.,
2016; Tian et al., 2018). It should be mentioned that the inoculum
background concentration was ca. 280 mgTAN-L!. Therefore, the
inoculum was not adapted to high TAN concentrations. The inoculum
methanogenic community was dominated by Methanosaeta (Lu et al.,
2018), an acetoclastic methanogen particularly vulnerable to NH3 in-
hibition (Capson-Tojo et al., 2020).

Although less pronounced, the impact of TAN inhibition was also
evident in the LCFA mono-digestion tests (100 LCFA/0 RS). The addition
of 1 and 3 gTAN~L'1 led to slight (Iy = 0.77) and moderate (Iy = 0.40)
inhibition of the LCFA degradation, respectively. The lower impact of
TAN on LCFA-rich tests could be explained by two distinct hypotheses:

(i) the lower degradation rate of LCFA reduced VFA production and
accumulation at the early stages of the batch tests, which pre-
vented inhibition by VFA and pH.

(ii) the adsorption of LCFA on the cell membrane formed a “protec-
tive coat” that limited the diffusion of free ammonia into the cell
and/or provided a localised lower pH in the vicinity of the mi-
crobial cell.

Severe pH inhibition was discarded as main inhibitory mechanism.
The maximum pH drop should have been observed in the completely
inhibited tests at 6 gTANadded-L'l, where the final pH was 5.87-6.05 (see
pH values in Table S2). pH values of around 6.0 are not optimal for AD
but these values are not low enough to explain the extreme process in-
hibition (Batstone et al., 2002; Latif et al., 2015). The initial and final pH
of the batch tests at 0, 1 and 3 gTANadded-L'l ranged from 7.4 — 6.8 and
6.9-6.7, respectively. These pH values are suitable for AD; however, a
temporary pH drop due to a transient VFA accumulation during the
batch tests cannot be discarded. Nonetheless, it seems unlikely that pH
itself can explain the failure of the 6 gTANaddeapL'1 tests nor the severe
inhibition of the 0 LCFA/100 RS and 25 LCFA/75 RS tests at 3
8TANaqdeaL .
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4.2. TAN and LCFA inhibition interaction

Experimental and modelling results indicate that LCFA mitigate, to a
certain degree, TAN inhibition (see Sections 3.2 and 3.3). Besides the
comparison between RS and LCFA mono-digestion (see Section 4.1),
evidence of LCFA preventing TAN inhibition is found when the 25
LCFA/75 RS and the 50 LCFA/50 RS tests at 3 gTAN,qgea-L! are
compared. These tests had very similar initial characteristics in terms of
TAN and pH, and the initial LCFA concentration was below the inhibi-
tion onset concentration for LCFA (0.9 and 2.2 gVSLCFA-L'1 vs. Kljefa min
of 4.1 gVS;cpa-L). Experimental and modelling results support a posi-
tive interaction between LCFA and TAN since the 25 LCFA/75 RS test
was strongly inhibited (Iy = 0.07) while the 50 LCFA/50 RS test was
only partly inhibited (Iy = 0.22). Besides the lower LCFA concentration,
it is worth noting that: (i) the 80 LCFA/20 RS and 100 LCFA/0 RS tests
were similarly inhibited at 1 gTAN;,mlded-L'1 (I = 0.78 and Iy = 0.77,
respectively), but the 80 LCFA/20 RS test was notably less inhibited at 3
gTANadded-L’1 (In = 0.51 and Iy = 0.22, respectively) and (ii) at 1
gTANaddedL‘l the 25 LCFA/75 RS and 50 LCFA/50 RS tests were slightly
less inhibited by TAN than the 80 LCFA/20 RS and 100 LCFA/0 RS tests.
These results suggest that the interaction between ammoniacal nitrogen
and LCFA is not linear, and that it does not only depend on the LCFA
concentration.

The current experimental data set does not allow confirmation of the
two proposed mechanisms nor elucidates the relative contribution of
each mechanism on the positive interaction between TAN and LCFA (see
Section 4.1). The partial inhibition of the 0 LCFA/100 RS and 25 LCFA/
75 RS tests due to VFA accumulation seems the most plausible expla-
nation since NH3 and NH,4 " concentrations were below severe inhibitory
concentrations (Capson-Tojo et al., 2020; Fotidis et al., 2013; Rajagopal
et al., 2013). The accumulation of VFA and subsequent test inhibition
could explain why tests with more RS were more inhibited. However,
this hypothesis cannot explain the significant loss of proportionality
between the experimental and theoretical plots at 3 gTANaddedL’1
(Fig. 4). The fact that the 50 LCFA/50 RS and 80 LCFA/20 RS tests were
remarkably less inhibited than expected shows that the test response was
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not only dependent on the amount of each substrate in the mixture. In
this context, it can be hypothesised that the formation of a LCFA layer on
the cell membrane could have mitigated ammonia inhibition by (i)
limiting the diffusion of NH3 through the microbial cell membrane and/
or (ii) providing a localised lower pH in the vicinity of the microbial cell
due to VFA production.

4.3. Future research and industrial implications

This research evaluated the interactions between ammoniacal ni-
trogen and LCFA inhibition under mesophilic conditions (37 °C). Our
results showed an antagonistic co-inhibition effect between both in-
hibitors (i.e. the combined inhibition effect is lesser than the sum of their
individual effect) in contrast to the synergistic co-inhibition (i.e. the
combined inhibition effect is greater than the sum of their individual
effect) reported by Wang et al. (2016) and Tian et al. (2018) when
evaluating the interaction between NH3 and LCFA under thermophilic
conditions. However, mesophilic and thermophilic results cannot be
directly compared since temperature significantly affects LCFA solubil-
ity and ammoniacal nitrogen fractionation. The lower solubility of LCFA
in water at mesophilic conditions makes LCFA less accessible to micro-
organisms at mesophilic conditions than at thermophilic conditions
(Elsamadony et al., 2021). Temperature also affects the TAN acid-base
equilibrium constants, with pKa decreasing with temperature. Accord-
ingly, the response of anaerobes, and methanogens in particular, to TAN
and LCFA is expected to depend on temperature (Elsamadony et al.,
2021; Fotidis et al., 2014; Hwu and Lettinga, 1997; Wang et al., 2016).

Batch tests results are known to be sensitive to the inoculum prop-
erties (Holliger et al., 2016; Koch et al., 2017; Mahdy et al., 2017;
Raposo et al., 2020). The inoculum used in this study was obtained from
a mesophilic anaerobic lagoon operated at a slaughterhouse at ambient
temperature (ca. 25 °C). Approximately, one-third of the organic loading
rate was biodegradable lipids/LCFA and therefore, the inoculum had the
capability to degrade LCFA. On the other hand, the inoculum back-
ground NH," and NH3 concentrations were relatively low (277
mgNH,4"-N-L! and 5 mgNH;-N-L'}, respectively) when compared to the
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concentrations tested in the study. Tests comparing different inocula (e.
g. rich in hydrogenotrophic methanogens) should be carried out to
evaluate the relevance of inoculum acclimation to TAN in order to
confirm the observed positive interaction between TAN and LCFA under
mesophilic conditions. The operation of continuous digesters combined
with activity and inhibition tests will provide further insights on the
observed positive interaction as well as the relative importance of mi-
crobial community acclimation.

The obtained results indicate that using lipid-rich co-substrates could
be particularly useful for industrial-scale digesters operated at relatively
high TAN concentrations or even to mitigate transient TAN shocks. In
such applications, the addition of lipids/LCFA could help to improve
process performance by increasing the loading and biogas production
rates while partially alleviating TAN inhibition. However, it is important
to determine the interaction mechanism between TAN and LCFA and the
accompanying inhibitors (pH, Hz and VFA) prior to scaling up these
results to full-scale application. Although pH does not appear to be a
major inhibition factor, Hy might be crucial in systems working at high
TAN levels, due to the predominance of hydrogenotrophic methano-
genesis and the hydrogenation of unsaturated LCFA (e.g. oleic acid to
stearic acid). Finally, it is worth mentioning that improved modelling of
LCFA degradation and LCFA inhibition is needed to support these
research outcomes.

5. Conclusions

Five slaughterhouse wastewater and LCFA mixtures (100:0, 75:25,
50:50, 20:80, 0:100 on a VS basis) were co-digested at four TAN con-
centrations (0, 1, 3, 6 gTANaddedL'l) to elucidate the interaction be-
tween TAN and LCFA inhibition. Experimental and modelling results
support the positive interaction between LCFA and TAN since ammo-
niacal nitrogen inhibition was less severe in LCFA-rich mixtures. Two
hypotheses were formulated to describe the observed interaction: (i) the
low degradation rate of LCFA prevented the accumulation of VFA at the
early stages of the batch, and/or (ii) the formation of a protective-coat
mechanism limited the diffusion of ammonia into the cell or provided
alocalised lower pH in the vicinity of the cell. Further research is needed
to confirm these mechanisms and elucidate the relative roles of
concomitant inhibitors (VFA, Hy and pH) in managing inhibition.
Overall, these results suggest LCFA do not exacerbate TAN-related in-
hibition and that LCFA-rich substrates can be utilised as co-substrates in
N-rich digesters.
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