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ARTICLE INFO ABSTRACT

Editor: Ze-Xian Low An integrated route for the conversion of anaerobic digestion outputs: biogas (CH4/H2S) and digestate (NH3),
into microbial protein (MP), is proposed. The MP production from HsS-rich biogas and digestate nitrogen
through a mixed culture of methane oxidizing- (MOB) and sulfur oxidizing-bacteria (SOB) was performed in two
hollow fiber membrane bioreactors. The use of digestate and biogas for the supply of N and S, key nutrients for
the microbial fermentation process, was compared to the supply of mineral N and S, and its effects on biomass
concentration and yield, gas and nutrient consumption, as well as on the amino acids profile and the microbial
community composition of the harvested biomass were investigated. Ammonium nitrogen was provided through
direct stripping from the liquid digestate using the recirculating biogas stream from the fermenter. The ammonia
stripped from the digestate, with nitrogen stripping rates of up to 109.6 mg NHJ-N/L-d obtained with at 45 °C
and 4 vvm (gas:digestate), met the nitrogen requirements of the biogas-to-MP conversion process. Sulfur was
supplied through the HyS present in the biogas, that was oxidized into sulfate by SOB. Biomass growth occurred
even at high sulfide concentrations in the biogas (260.5 mg/L of volatile suspended solids (VSS) at 6000 ppm, of
equivalent H5S), with a high protein content (up to 65.4 %) of the biomass, while relying on the sulfate produced
by HjS oxidation as sulfur source. Increasing HyS concentrations in the biogas resulted in an amino acids profile
rich in sulfur-amino acids (140.4 mg/g VSS at 6000 ppmy,).
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1. Introduction thereby imposing the need for pretreatments such as desulfurization [5].

Combining MOB with sulfur oxidizing bacteria (SOB) enables a direct

Anaerobic digestion (AD) enables the conversion of sewage sludge
and multiple organic waste not only into low-value bioenergy (i.e.,
biogas) and fertilizer (i.e., digestate), but also into high-value products,
such as microbial protein (MP) [1]. MP represent a potential alternative
to conventional animal- or plant-based protein sources as microbial
fermentation processes are a prime source of protein-rich biomass
endowed with various and abundant amino acids [2]. The biogas pro-
duced during AD can sustain the growth of methane oxidizing bacteria
(MOB), also known as methanotrophs, which use CH4 as their sole
carbon and energy source and contain around 50-65 % protein on a dry
weight basis [3]. Trace contaminants such as HyS in raw biogas, typi-
cally arising from the digestion of sewage sludge, however, hinder the
direct utilization by methanotrophs as they can inhibit the methane
oxidation activity, even at low concentrations, e.g., 200 ppm [4],
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HyS-rich biogas-to-MP conversion without requiring desulfurization
[6-8]. SOB not only lower the toxic effects of sulfide in biogas, but
further allow a more efficient nutrients supply as they oxidize HaS into
sulfate, a macronutrient for microbial growth [6].

The other major by-product of AD, i.e., digestate, often requires the
removal of high concentrations of ammonium nitrogen (NH —N) prior
to its use as soil amendment or fertilizer to avoid groundwater
contamination and eutrophication [9]. On the other hand, digestate
stripping, allowing the transfer of NHf—N from the digestate to a
gaseous stream, can provide a nitrogen source for MP production [10].
Alternatively to conventional air stripping techniques using high tem-
perature (70-90 °C) and pH (11-12) to enable high rate nitrogen
stripping, the direct utilization of the airflow involved in the aerobic
fermentation step can induce the release of CO5 from the digestate,
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resulting in a chemical-free pH increase and in a low-rate stripping of
free gaseous ammonia without the use of heat and alkali chemicals
[10,11]. In addition to air, also biogas can be used as stripping agent for
the on-site ammonia stripping in anaerobic digesters, with rates and
efficiencies highly dependent on temperature and pH of the digestate
[12].

In the context of waste-to-protein approaches, the use of gaseous
substrates, i.e., biogas and ammonia, avoids contact between the MP
product and the potentially contaminated waste matrix (e.g., micro-
pollutants, heavy metals and pathogens) used as AD feedstock, provided
that appropriate gas polishing (e.g. through membrane filtering) and
condensate removal is guaranteed [13]. To this end, this study proposes
an integrated platform where HyS-rich biogas from AD of organic waste
and ammonia stripped from digestate provide energy, carbon and key
nutrients (sulfur and nitrogen) to produce MP through a MOB-SOB
mixed culture in hollow fiber membrane bioreactors. The recirculation
flow of the gas headspace of the fermentation reactor was used as
stripping agent in the digestate stripping unit, thereby avoiding external
gas flows. The effectiveness of recovering and supplying nutrients
through digestate stripping (nitrogen) and sulfide-laden biogas (sulfur)
was evaluated and compared with reference to mineral nutrients
(ammonium nitrogen and sulfate) fed through the culture medium. The
effects of increasing sulfide levels in the biogas were tested in the re-
actors as well as through dedicated batch tests. The latter tests were
carried out also to assess the effects of the absence of magnesium or
sulfate, as these nutrients are often supplied together [14]. Magnesium
is indeed crucial for microbial growth, as it influences key enzyme
activation and cell membrane stabilization [15]. The performance of the
process was monitored and evaluated in terms of biomass growth, gas
and nutrient consumption, protein content and amino acids profile as
well as rate and efficiency of the nitrogen stripping process. Moreover,
the microbial community composition of both the suspended and the
attached biomass was characterized, and the techno-economic
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feasibility of the proposed integrated platform was also preliminarily
assessed.

2. Materials and methods
2.1. Anaerobic digester for biogas production

The raw biogas used in the experimental activity was produced
through a 10 L lab-scale anaerobic digester kept at 35 °C by means of a
thermostatic water bath. Digestate from a full-scale anaerobic digester
treating buffalo manure (Eboli, Italy) and fruit and vegetable waste
(FVW) were utilized as inoculum and organic substrates, respectively.
The AD reactor was operated with a 9 L working volume with an inoc-
ulum/substrate ratio of 2 on a volatile solids (VS) basis [16] and was run
in fed-batch mode for the whole duration of the experiments. In
particular, a portion of the AD reactor was replaced by the same volume
of fresh FVW on a weekly basis, thereby setting an organic loading rate
of 5 g VS/L-d.

2.2. Inoculum and cultivation medium for microbial protein production

A MOB-SOB mixed culture characterized by the dominance of
Methylocystis spp. and Chryseobacterium spp., enriched as described by
Areniello et al. [7], was utilized as inoculum. Ammonium mineral salts
(AMS) medium (Table S1) supplemented with a micronutrient solution
(0.01 % v/v) prepared according to Sun et al. [17] was used as culti-
vation medium. A 0.2 M phosphate buffer solution, with 1.148 g/L
KH3PO4 and 1.64 g/L NayHPO4 (Sigma Aldrich, St. Louis, USA), was
used to maintain the pH at 7.0 (£0.2) during the experiments. A 1 M
NaOH (Sigma Aldrich, St. Louis, USA) solution was used to further adjust
and manually control the pH around neutrality. Since HyS concentra-
tions in the raw biogas produced in the AD reactor (Section 2.1) were
below the detection limit, the presence of H)S in the biogas was

Table 1
Overview of the operating conditions adopted and process variables tested during the experiments.
Reactor  Phase — objective Duration HRT NayS-9H,0 H,S equivalent in Carbon source Nitrogen source Sulfur source Stripping
(days) (d) (mg/L)" biogas (ppmy) (L CH4/L (mg NH;-N/L) (mg SOZ /L) temperature (°C)
biogas)”
1 1 - Acclimation 0-7 FB 31.1 1500 0.54 MM: 278.2 MM: 450.0 N.A.

2 — Acclimation 7-20 2.5 0.57 MM: 278.2 MM: 450.0

3 — Reduced N supply 20-48 0.63 MM: 100.0 MM: 450.0

4 — N stripping 48-74 0.58 MM: 100.0 + MM: 450.0 30

addition stripped NH3

5 - N stripping as only ~ 74-105 0.59 MM: 0.0 + MM: 450.0 30

N source stripped NH3

6 — Effect of higher 105-138 0.64 MM: 0.0 + MM: 450.0 45

stripping temperature stripped NH3

2 1 - Acclimation 0-7 FB 31.1 1500 0.54 MM: 278.2 MM: 450.0 + N.A.

$2~ in biogas

2 — Acclimation 7-20 2.5 0.57 MM: 278.2 MM: 450.0 +
$% in biogas

3 - Reduced sulfate 20-40 0.62 MM: 278.2 MM: 100.0 +

supply $2~ in biogas

4 — Absence of sulfate 40-74 0.59 MM: 278.2 MM: 0.0 +

supply $2~ in biogas

5-Effect of higher HoS ~ 74-99 82.8 4000 0.60 MM: 278.2 MM: 0.0 +

concentration $2~ in biogas

6 — Effect of higher H,S 99-116 124.2 6000 0.62 MM: 278.2 MM: 0.0 +

concentration $2~ in biogas

7 — Effect of absence of ~ 116-138 0 0 0.64 MM: 278.2 MM: 450.0

H.S

FB: fed batch mode.
MM: supply through the mineral medium.

S%" in biogas: dissolved sulfide (as Na»S-9H,0) referred to the H:S equivalent in the biogas.

N.A. Nitrogen stripping not applied.

@ The dissolved sulfide concentrations equivalent to H,S content in biogas and the corresponding equivalent concentrations of Na,S-9H,0 were determined ac-

cording to Xu et al. [4].

b The carbon source provided to the MP production process is the methane present in the influent biogas, which concentration expressed as L CH,4/L biogas is

equivalent to the methane volumetric concentration in the biogas (v/v).
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simulated through NayS-9H,0 addition in the liquid medium - equiva-
lent to different HoS concentrations (0-6000 ppmy) — based on the HyS
gas dissolution and dissolved H,S dissociation equilibrium, according to
Xu et al. [4] (Section S2 and Table 1).

2.3. Hollow fiber membrane reactors set-up and operation

Two 1.05 L closed glass vessels were used as reactors (R1 and R2) and
kept at 30 °C (+1) by means of an external water jacket (Fig. S3). Gas
substrates were supplied in each reactor through a dead-end hollow
fiber membrane module (membrane P60, Zena s.r.o., Brno, Czech Re-
public) having 500 polyethylene fiber membranes with a porosity of 0.1
um, total surface of 1000 cm? and a ID/OD ratio of 310/240 um. The k;a
of the membranes (0.029 min_l) was determined by Areniello et al. [8].
Both reactors were filled with 1 L cultivation medium supplied with 10
% (v/v) of the MOB-SOB inoculum.

Table 1 summarizes the experimental conditions tested in both re-
actors. During the start-up period (days 0-20), the reactors were run as
biological replicates under the same operating conditions, while from
day 20 onwards the operating conditions of the two reactors were
differentiated (Table 1). R1 was used to evaluate the supply of NHi —N
either as mineral nitrogen supplied through the cultivation medium
(phases 1-3) or by replacing the latter with the gaseous ammonia
recovered through digestate stripping by means of the internal gas
recirculation flow (phases 4-6) (Section 2.4). The experiments with R2
focused, instead, on the supply of sulfur by providing it either as mineral
sulfate (phases 2-4) or through different equivalent H,S concentrations
in the biogas (phases 5-7) (Table 1).

Experiments were run in fed-batch mode during days 0-7, with
manual sampling and medium addition through a sampling port. From
days 7 to 138, liquid medium was continuously provided through a
peristaltic pump (Master-Flex L/S, Radnor, USA), collecting the liquid
effluent in an external tank, and thereby setting a hydraulic retention
time (HRT) of 2.5 days.

2.4. Reactor gas feeding

The raw biogas produced through the lab-scale anaerobic digester
(Section 2.1) was collected into Tedlar® gas sampling bags (Thermo-
green® LB-2 septa, Sigma-Aldrich, St. Louis, USA) and used to feed R1
and R2.

Analytical grade oxygen (purity > 99.999 %) sampled from gas
cylinders (Nippon gases, Milan, Italy) and collected into Tedlar® gas
bags was also utilized. Biogas and oxygen from the gas bags were fed to
each reactor through a peristaltic pump (Master-Flex L/S, Radnor, USA)
and injected in the hollow membrane modules with a total gas flow rate
of 4 L/d (2 L/d of biogas and 2 L/d of oxygen), chosen according to the
biogas productivity of the anaerobic digester, resulting in a gas resi-
dence time (GRT) of 6 h. The gas present in the headspace of the reactors
was recirculated through an additional peristaltic pump (Master-Flex L/
S, Radnor, USA) (Fig. S3) with a flow rate of 1 L/min and injected at the
bottom of each reactor through a stainless-steel aeration stone to avoid
biomass settling and ensure appropriate mixing of the liquid phase. The
peristaltic pumps were calibrated once a week to ensure a stable gas
supply. The unused gas was collected from the headspace of the reactors
into an external gas bag for volume and gas composition measurements.
Starting from day 74, the gas recirculation line of R1 was adapted to
perform digestate nitrogen stripping (Section 2.5).

2.5. Direct nitrogen stripping from anaerobic digestate

Digestate from the anaerobic digester (Section 2.1) was used for the
nitrogen stripping process applied to R1 in phases 4-6. The stripping
process was performed under batch conditions in a 500 mL glass bottle
filled with 250 mL of liquid digestate (Fig. S3). Digestate was previously
centrifuged at 4032 xg to separate the liquid from the solid fraction
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according to Matassa et al. [10]. A volume of 10 mL of antifoam
(Antifoam O-30, Sigma Aldrich, St. Louis, USA) was added to avoid
excessive foaming during gas stripping. The bottle with the liquid
digestate was placed in a thermostatic bath to keep the temperature at
30 °C during phases 4 and 5 and at 45 °C during phase 6.

The gas collected from the headspace of R1 through the gas recir-
culation pump (Section 2.4) was used as stripping agent with a flow rate
of 1 L/min and sparged in the digestate through an aeration stone placed
at the bottom of the bottle. This resulted in a gas-to-digestate ratio,
defined as the volume of gas supplied every minute per volume of
digestate (vvm) of 4:1 [10]. Condensate from the outflowing gas was
collected in a 500 mL glass bottle kept at ambient temperature (Fig. S3).

2.6. Batch tests

Batch cultivation tests were performed to evaluate the influence of
the absence of magnesium and sulfate as well as of different equivalent
H,S concentrations on the biogas-to-MP conversion by the reactor
biomass, according to Areniello et al. [7]. The tests were carried out by
using the same AMS medium amended with the micronutrient solution
and phosphate buffer used for the reactors (Section 2.1), adapted based
on the different operating conditions to be tested (Table S4). In the first
test MgSO4-7H20, present in the mineral medium and used in the control
bottles, was substituted by Na;SO4 and MgCl,-6H,0 (Sigma Aldrich, St.
Louis, USA) (Table S4) to test the effects of the absence of magnesium
and sulfate in the medium, respectively. The second batch test was
aimed at assessing the effects of four equivalent HyS concentrations in
the biogas, i.e., 0, 1500, 6000 and 12,000 ppm, on the fermentation
process to identify the sulfide inhibition threshold, with NayS-9H,0
dosed accordingly in the mineral medium (Table S4).

Each batch test lasted 96 h and was performed in triplicate within
300 mL serum bottles sealed with butyl rubber stoppers and aluminum
crimps, incubated at 30 °C and shaken at 120 rpm. Each bottle was
operated at 10 % (v/v) of working volume, resulting in a liquid culture
of 30 mL and a headspace of 270 mL. Biomass sampled from reactor R1
(6 mL) on days 116 and 130 of reactor operation was used to inoculate
each bottle at the start of the first and the second test, respectively.

The headspace of each bottle, containing air, was supplemented with
biogas (Section 2.3) to achieve a CH4:O5 ratio of 2:3 (v/v) at the start of
the experiments, according to Areniello et al. [7]. The initial pH of each
bottle was adjusted to 7.0 (£0.2) by dosing 1 M NaOH (Sigma Aldrich,
St. Louis, USA).

Liquid samples from each serum bottle were taken at the beginning
(0 h), at day 2 (48 h) and at the end (96 h) of each batch test to measure
biomass concentration, ammonium nitrogen concentration and protein
content of the biomass. The gas headspace was sampled in all triplicate
bottles at the start and at the end (96 h) of each test for the evaluation of
the gas composition. The pressure of each bottle was monitored daily by
using a digital manometer (Leo 1, Keller, Switzerland).

2.7. Analytical procedures

Liquid samples were taken daily from both reactors. The pH was
measured on the unfiltered samples through a WTW Multi 3410 in-
strument equipped with a SenTix® 940 pH electrode (WTW, Weilheim
in Oberbayern, Germany). Soluble compounds, i.e., NH4 —N and sulfate,
were measured after centrifugation at 4032 xg and filtration through
0.45 pm Millipore Millex® PTFE syringe filters (EMD Millipore, Bur-
lington, USA). Total (TSS) and volatile (VSS) suspended solids concen-
trations as well as NHf —N concentration were analyzed according to
Standard Methods [18]. Sulfate was measured through ion chromatog-
raphy (IC) using a Metrohm 883 Basic IC Plus system equipped with a
Metrosep A Supp 5-150/4.0 column (Metrohm, Herisau, Switzerland),
with a detection limit of 0.20 mg/L, as described by Areniello et al. [7].

Liquid samples were also stored at —20 °C and then thawed at 50 °C
for the subsequent protein determination according to the Lowry
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colorimetric method [19]. Gas samples taken daily from the gas bag
containing biogas produced through AD (Section 2.1) and from the
outlet gas bags of the reactors for feed and excess gas composition an-
alyses were measured through a Star3400 gas chromatograph (Varian,
Palo Alto, USA), equipped with a thermal conductivity detector and a
ShinCarbon ST80,/100 column (Restek, Bellefonte, USA) [20].

Samples of effluent from R2 were taken at the end of phases 4, 6 and
7 for both optical microscopy (Wild M8 6-500x microscope, Leica,
Heerbrugg, Switzerland) and sludge volume index (SVI) determination
to assess the influence of increasing equivalent HyS concentrations on
biomass settleability and biomass morphology. The SVI was determined
according to Standard Methods [18].

To determine the amino acids (AA) profile of the produced MP, the
effluent was continuously collected throughout each phase from each
reactor to achieve the required amount of biomass representative for the
analysis. Biomass was harvested through centrifugation at 4032 xg,
dried at 70 °C and grinded into a fine powder. The AA analysis was
performed on the dried powder by Teagasc (Moorepark, Ireland) as
described by Areniello et al. [6]. Briefly, samples were treated with
phenol-containing performic acid prior to microwave hydrolysis in 6 M
HCI at 160 °C for 15 min. Sodium bisulfite was used to neutralize the
reaction and pH was adjusted to 2.2 with 7.5 N NaOH. Samples were
then deproteinized using 24 % (w/v) tri-chloroacetic acid and centri-
fuged for 10 min. Supernatants were removed and samples were then
diluted 1 in 2 with the internal standard, norleucine. Amino acids were
quantified using a Jeol JLC-500/V amino acid analyser (Jeol Ltd., Gar-
den city, Herts, UK).

2.8. Microbial community analysis

Biomass samples were collected for analysis of the microbial com-
munity at the start of the experiment (day 0) and at the end of each
experimental phase in both reactors. Moreover, the biofilm sampled
from the membrane modules at the end of the experiment (day 138) was
used to evaluate the composition of the attached microbial biomass in

CH, — C consumed (mg/d) — Biomass C (mg/d)
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NH} — N
NHJ — N stripping rate <n1<574)

Ld
NHj —No — NH; — N, (—mg i ’N)
t(d)

NH; — N decrease <w>

- t(d) M

where “NHJ — N decrease” is the difference between the initial and the
final NHI — N concentration (mg/L) measured in the digestate in the
reference period having a duration of t (days).

The specific sulfide loading rate (SSLR) was calculated as follows:

@

2 2-
SSLR(mgS >7SLR(mgS /d)

gVSS-d/ ~ Biomass (g VSS)

where the sulfide loading rate (SLR) is the daily sulfide supply (mg S%~/
d) calculated based on the NayS-9H30 provided through the influent
mineral medium in each phase (considering that each gram of
NayS-9H,0 provides 0.134 g of $27) and the biomass is calculated
considering the average biomass concentration of each experimental
phase and the working volume of the reactors of 1 L.

The methane uptake rate was calculated as follows:

CH, — in (L/d) — CH, — out (L/d)

CH, — in (L/d) 100

CH, uptake efficiency(%) =

3

where the influent and effluent methane flows were evaluated based on
the daily measurements of gas volumes and compositions of both the
influent and effluent gas.

The mass balances of carbon and sulfur were developed as suggested
by Areniello et al. [6] and are shown Tables S6 and S10.

Briefly, the carbon conversion efficiency was calculated as follows:

100

Carbon conversion efficiency(%) =

both R1 and R2. Samples were stored at —20 °C and the DNA extraction,
sequencing and bioinformatic analysis were performed by Fisabio
(Valencia, Spain) as described by Areniello et al. [7]. Briefly, samples
were homogenized by adding 1 mL of phosphate-buffered saline (PBS) to
2 mL of sample and were centrifuged at 4 °C for 2 min at 2000 rpm and
for 30 min at 13200 rpm. DNA extraction was carried out on the pellet
using a MAgNa Pure LC robot and a III 3,264,785,001 isolation kit
(Roche, Basel, Switzerland). Qubit dsDNA HighSensitivity kit (Qiagen,
Hilden, Germany) was used for DNA quantification. DNA was normal-
ized at 5 ng/ul to start the library preparation protocol. The Illumina
protocol [21] targeting V3 and V4 regions of the 16S genes was followed
for polymerase chain reaction (PCR) amplification, sequencing, and PCR
cleanup. Silval38 was used as database for the taxonomic assignation.

2.9. Calculations and data analysis

The volumetric productivity and biomass yield were calculated as
described by Areniello et al. [6].

The stripping rate of ammonium nitrogen from the digestate was
calculated as follows:

CH,4 — C consumed (mg/d)

where “CH4 — C consumed” is the amount of methane daily consumed
(mg/d) and “Biomass-C” is the amount of carbon present in the biomass
produced daily, calculated considering an average carbon content of the
biomass of 0.53 mg C/mg VSS.

The average amounts of nitrogen supplied and assimilated as MP
during the experiments are shown in Table S5.

All analyses and measurements were made with analytical triplicates
and results are expressed as the mean + standard deviation. The refer-
ence values relating to each experimental phase, lasting at least 4 HRTs
to ensure stable process conditions, were calculated by averaging all the
data collected during each phase after the first HRT (2.5 d) from the start
of the phase in order to exclude any influence from the previous phase.
All results from the batch tests were expressed as the mean + standard
deviation of each experimental condition performed in triplicate. The
statistical analysis of the experimental data of the batch tests was per-
formed through the analysis of variance (ANOVA) carried out with the
MINITAB® software (version 21.3.1, Minitab Inc., State College, USA).
The experimental results were considered significantly different when
the p-value was below or equal to 0.05 (p-value < 0.05).
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Fig. 1. Performance of the biogas-to-MP conversion process in reactor R1. The performance of the process is expressed in terms of a) biomass, ammonium nitrogen
and sulfate concentration in the reactor and ammonium nitrogen concentration in the anaerobic digestate during the stripping process, b) volumetric productivity
and biomass yield, and ¢) methane uptake rate and protein content of the biomass.

MM: mineral ammonium nitrogen supplied through the influent mineral medium.
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Fig. 2. Performance of the biogas-to-MP conversion process in reactor R2. The performance of the process is expressed in terms of a) biomass, ammonium nitrogen
and sulfate concentration in the reactor, b) volumetric productivity and biomass yield, and c¢) methane uptake rate and protein content of the biomass.

MM: mineral sulfate supplied through the influent mineral medium.
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3. Results
3.1. Start-up period

During the first 20 days of the start-up (phases 1-2) (Figs. 1a—2a), the
reactors, operated as biological replicates, showed very similar perfor-
mance and reached an average biomass concentration of 342.3 (+19.0)
mg VSS/L. Along with steady biomass growth, stable levels of residual
NHj —N (averagely 215.5 + 7.4 mg/L) and sulfate (averagely 464.2 +
2.9 mg/L) were observed in the reactors at the end of phase 2.

3.2. Optimization of the ammonium nitrogen supply

As high levels of residual NH4 —N were observed at the end of phase
2, the influent concentration of mineral NHf —N was decreased to 100
mg NH7 —N /L in R1 in phase 3 based on the average consumption of
~60 mg NHZ-N /L observed when steady biomass growth was achieved
in phase 2 (Fig. 1a). The lower NH{ —N supply did not affect the mi-
crobial growth as biomass growth remained stable, with an average
biomass concentration of 350.3 (+5.6) mg VSS/L and a residual nitrogen
concentration of 74.2 (+1.9) mg NHj —N/L at the end of phase 3
(Fig. 1a).

Nitrogen stripping from the anaerobic digestate through the internal
gas recirculation line was combined with the mineral nitrogen supply
through the influent medium in phase 4 in R1. The NH; —N concentra-
tion in the digestate unit progressively decreased (Fig. 1a), with an
average stripping rate of 57.3 mg NH4 —N/L-d in phase 4, leading to a
43.5 % ammonium recovery and confirming that ammonia was being
removed from the digestate, while the NHj —N concentration increased
in R1 up to 191.3 (£3.5) mg NHf —N/L as stripped ammonia was sol-
ubilized when sparged in the reactor. The pH of the digestate progres-
sively increased while the nitrogen stripping was performed (Fig. 3). The
pH in R1, which tended to decrease (up to 6.64) prior to stripping
(phases 1-3), became more stable around neutral values from phase 4
onwards (Fig. 3), thereby requiring less frequent pH corrections.

A constant biomass concentration of 356.5 (+7.7) mg VSS/L (Fig. 1a)
was observed over the whole phase 4 in R1, along with a biomass yield
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of 0.218 (+0.015) g VSS/g CHy4 (Fig. 1b).

The levels of residual NH;-N observed in R1 in phase 4 (Fig. 1a)
(Table S5) further suggested that the stripping process could supply a
sufficient amount of nitrogen. Therefore, mineral NH4-N provision
through the influent cultivation medium was discontinued in phase 5 in
R1. The nitrogen stripping process slowed down, with the stripping rate
decreasing by 75 % compared to phase 4, reaching 14.2 mg NHJ —N/L-d
(Fig. 1a) likely because of the decreased gradient of NH4-N concentra-
tion between the liquid and the gas phase achieved after phase 4 when
lower concentrations of ammonia in the liquid digestate and high re-
sidual levels of NHZ-N in R1 were observed (Fig. 1a). In the same phase,
biomass concentration (357.7 + 5.1 mg VSS/L) and biomass yield
(0.228 4 0.007 g VSS/g CHy) (Fig. 1a-b) remained constant, resulting in
a carbon conversion efficiency of 16.2 %, in line with those observed in
the previous phases (Table S6).

Based on the reported beneficial effects of increasing temperature on
the stripping process [22], a higher temperature, yet still in the meso-
philic range, was applied to the stripping unit in phase 6 by shifting from
30 °Cto 45 °C. This resulted in a marked improvement of the ammonium
stripping rate, equaling 109.6 mg NH{ —N/L.d during phase 6, with a 94
% recovery of the NHj —N available in the digestate achieved in 33 days,
compared to the 52 % recovered nitrogen over phases 4-5 in 56 days
(Fig. 1a). Also, the pH of the digestate achieved a value of 9.0 during
phase 6, higher than the values around 8.1 reached in phase 5 (Fig. 3).
The NH4—N concentration in R1 peaked to 184.0 (+£4.6) NH4 —N/L
during phase 6, while reaching a residual concentration of 58.4 (+4.5)
NHZ —N/L at the end of the phase (Fig. 1a). Biomass productivity and
yield were stable during phase 6, with average values of 145.6 (+2.2)
mg VSS/L-d and 0.233 (£0.005) g VSS/g CHy, respectively (Fig. 1a-b).

Constant values of the methane uptake rate (90-100 %) were
observed during the whole experiment in R1 (Fig. 1c).

3.3. Optimization of the sulfur supply

The MgSO4 concentration in the mineral medium was decreased to
achieve 100 mg SOF /L in phase 3 in R2. Sulfate levels reached values of
114.5 (£1.5) mg SO%_/L at the end of phase 3, while the biomass
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Fig. 3. pH values of R1 effluent and pH values and ammonium nitrogen concentrations of the digestate during the stripping process. The pH in R1 was monitored
daily and adjusted by means of 1 M NaOH every time it dropped below 7.0 (£+0.2) to maintain neutrality. The pH values detected before NaOH addition

are displayed.
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concentration was constant over the whole phase around 349.7 (£11.9)
mg VSS/L (Fig. 2a).

In phase 4, MgSO4 was replaced by MgCl, to test the absence of
influent sulfate while avoiding the lack of magnesium and relying on
sulfide (NasS-9H30) as the sole source of sulfur (Table S1). Fig. 2a shows
constant trends of both biomass concentration and residual NHZ —N
(344.6 + 9.3 mg VSS/L and 223.5 (+6.7) mg NHZ-N/L, respectively) in
R2 in phase 4, with residual sulfate concentrations of 17.6 (+2.3) mg
SO3 /L still detected. Biomass concentration and yield decreased when
MgSO4 was replaced by NaySO4 as sulfate source in the batch tests
(Fig. 4a). Indeed, a net biomass growth and biomass yield of 87.4 (+3.9)
mg VSS/L and 0.148 (+0.01) g VSS/g CHy, respectively, were observed
in the absence of magnesium, i.e., 39 % and 40 % lower compared to the
control condition. Biomass growth was instead not affected in the
absence of sulfate, i.e., when MgSO4 was replaced with MgCl,, with a net
biomass growth of 136.7 (+£4.3) mg VSS/L in the presence of MgCly
compared to 143.7 (+£5.8) mg VSS/L in the presence of MgSO4 (Fig. 4a).

3.4. Effect of the H,S concentrations in biogas

The effect of different concentrations of equivalent HsS in the biogas

as well as the lack of H2S on the process of biogas-to-MP conversion were
tested in phases 4-7 in R2 and in batch screening tests. Biomass con-
centrations of 297.5 (+14.9) mg VSS/L and 260.0 (£+3.2) mg VSS/L were
observed in phases 5 and 6 in R2 in the presence of 4000 and 6000 ppmy
of equivalent HsS, respectively, being 14 % and 25 % lower compared to
the presence of 1500 ppmy of equivalent HyS (phase 4) (Fig. 2a). The
SSLR thus increased, moving from 4.82 mg $2~/g VSS-d in phase 4 to
14.87 mg S~ /g VSS-d in phase 5 and 25.82 mg S?~/g VSS-d in phase 6,
thereby being 3.1 and 5.3 times higher in the presence of 4000 and 6000
ppmy, of equivalent H,S, respectively, compared to 1500 ppm,
(Table S7).

Biomass yield also decreased in response to the increasing sulfide
concentrations, moving from 0.216 (£0.010) g VSS/g CH, in phase 4 to
0.190 (£0.010) g VSS/g CH,4 in phase 5 and 0.167 (£0.006) g VSS/g CH4
in phase 6 (Fig. 2b). The latter also resulted in 11 % and 22 % lower
carbon conversion efficiencies in the presence of 4000 and 6000 ppm, of
equivalent H,S, compared to 1500 ppmy of equivalent HoS (Table S6).
Similarly, the batch tests showed only a partial inhibition of biomass
growth at 6000 ppmy of equivalent H,S, achieving a net biomass growth
of 87.4 mg VSS/L, that is 39 % lower compared to 1500 ppm, of
equivalent HyS (Fig. 4b). The net biomass growth was reduced by about
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76 % (32.3 mg VSS/L) and the biomass yield was 63 % lower (0.098 g
VSS/g CHy) at 12000 ppmy of equivalent HyS compared to 1500 ppmy,.

Constant values of the methane uptake rate (95-100 %) were
observed in R2 throughout the experiment (Fig. 2c). The residual
NHJ —N concentrations were quite constant under different H,S con-
centrations in R2 (Fig. 2a), with average values of 223.5 (+6.7), 219.0
(£9.3) and 214.2 (+11.1) mg NH{ —N/L in phases 4, 5 and 6, respec-
tively (Table S5).

Fig. S8 shows the effects of the increasing sulfide levels on the
morphological characteristics of the biomass. The biomass grown at
1500 ppm, showed a higher tendency to flocculate, while after the in-
crease of the sulfide levels to 6000 ppmy of equivalent H,S it tended to
lose its flocculated structure forming smaller filaments. The biomass also
had lower settleability in response to the increasing sulfide concentra-
tions as the SVI value at 6000 ppmy of equivalent H,S amounted to 28.5
mL/g VSS, while it was 16.3 mL/g VSS and 22.7 mL/g VSS at 1500 (end
phase 4) and 0 (end phase 7) ppm, of equivalent H,S, respectively.

3.5. Protein and amino acid content of the biomass

The protein content of the biomass in both reactors was stable within
ranges of 50.5-65.4 % in R1 and 50.2-63.1 % in R2 (Figs. 1c-2c). The
harvested biomass showed high total amino acids contents of
391.4-534.8 mg AA/g VSS (Table S9).

The amino acids profile in R1 was overall stable during the experi-
ment, with some AA, i.e.,, cysteine, threonine and glutamic acid,
becoming more abundant when stripped nitrogen was provided
(Table S9).

The total AA content in R2 increased from 395.0 mg AA/g VSS in
phase 4 to 489.4 mg AA/g VSS in phase 5 and 534.8 mg AA/g VSS in
phase 6, thereby increasing by 23.9 % and 35.4 % when shifting from
1500 ppmy of equivalent HyS to 4000 and 6000 ppmy, respectively
(Table S9). Particularly, the total content of sulfur-amino acids (S-AAs)
(i.e., methionine, cysteine and taurine), which was 58.3 mg AA/g VSS in
the absence of sulfide, increased progressively along with the increasing
equivalent HyS concentrations and achieving 87.0, 120.8 and 140.4 mg
S-AA/g VSS in the presence of 1500, 4000 and 6000 ppm, of equivalent
H,S, respectively (Table S10). Indeed, the methionine content was 1.7,
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2.4 and 2.7 times higher in the presence of 1500, 4000 and 6000 ppm, of
equivalent HyS, respectively, compared to the absence of sulfide, i.e.,
21.4 mg/g VSS (Fig. 5). A similar trend was observed for the cysteine
content, which increased by 1.4, 1.8 and 2.0 times in the presence of the
same sulfide concentrations with respect to the value observed in the
absence of sulfide (26.7 mg/g VSS). The content of taurine, instead, was
1.3, 2.3 and 2.9 times higher than in the absence of HyS (10.2 mg/g
VSS). The high content of sulfur amino acids resulted in a sulfur content
of the harvested biomass of 1.9-4.3 % (w/w of VSS) (Table S10).

Among the other AA, alanine (35.4-48.1 mg/g VSS), aspartic acid
(28.0-45.4 mg/g VSS) and glutamic acid (32.7-50.7 mg/g VSS) were
particularly abundant in the harvested biomass (Fig. 5).

3.6. Microbial community composition

The inoculum was almost completely characterized by bacteria
belonging to the phyla of Proteobacteria and Bacteroidota, having a
relative abundance (RA) of 57.8 % and 33.8 %, respectively (Fig. 6a-b).
At the genus level (Fig. 6¢-d), the inoculum was dominated by the
presence of Methylocystis spp. (RA: 30.3 %) and Chryseobacterium spp.
(RA: 29.4 %). The inoculum was further characterized by the presence of
Methylocaldum spp., another methylotrophic genus with a marginal RA
of 3.6 %, and other side genera, e.g., Pseudomonas spp. (RA: 9.1 %),
Xanthomonas spp. (RA: 3.5 %) and Hyphomicrobium spp. (RA: 2.6 %).

The biomass in R1 was characterized by the dominance of Methyl-
ocystis spp. (RA: 31.9-35.7 %) and Chryseobacterium spp. (RA:
29.0-30.8 %) during the experiment, with low variability of the abun-
dance of the other side genera, e.g., Methylocaldum spp. (RA: 1.0-2.4 %),
Pseudomonas spp. (RA: 6.2-8.1 %) and Hyphomicrobium spp. (RA:
3.2-6.8 %) (Fig. 6¢). The biofilm harvested from the membrane module
in R1 at the end of the experiment was characterized by the dominance
of Methylocystis spp. (RA: 29.8 %), Chryseobacterium spp. (RA: 28.1 %)
and Hyphomicrobium spp. (RA: 12.9 %) (Fig. 6¢).

The dominance of Methylocystis spp. (RA: 29.7-37.8 %) and Chrys-
eobacterium spp. (RA: 25.1-33.0 %) was also observed during R2 oper-
ation (Fig. 6d). The presence of Pseudomonas spp. and Hyphomicrobium
spp. increased while moving from 1500 ppmy of equivalent H,S to 4000
and 6000 ppmy in R2. Indeed, Pseudomonas spp., having a RA of 7.1 % in
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Fig. 5. Amino acid composition (mg AA/g VSS) of the biomass under different H,S concentrations. The average AA composition of the biomass harvested from R1
during phases 3-6 in the presence of 1500 ppm, is shown, as well as the AA composition of the biomass harvested from R2 during phases 4-7, in the presence of 0,

1500, 4000 and 6000 ppm, of equivalent H,S, respectively.

Amino acids classification between essential and non-essential is in accordance with Hou and Wu [23].

*: sulfur-containing amino acids.

Cys: cysteine, His: histidine, Ile: isoleucine, Leu: leucine, Lys: lysine, Met: methionine, Phe: phenylalanine, Thr: threonine, Tyr: tyrosine, Val: valine, Ala: alanine, Arg:

arginine, Asp: aspartic acid, Gly: glycine, GIn: glutamine, Tau: taurine, Ser: serine.
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phase 4, reached RAs of 8.9 % and 10.1 % in phases 5 and 6, respec-
tively. Likewise, the abundance of Hyphomicrobium spp. increased from
3.9 % in phase 4 to 6.6 % in phase 5 and 11.2 % in phase 6.

Furthermore, a 7.9 % decrease of the RA of Chryseobacterium spp.
was observed between phase 6 to phase 7, with relative abundances of
33.0 % and 25.1 %, respectively. The same trend was observed in
Pseudomonas spp. and Hyphomicrobium spp., the relative abundances of
which reached 6.1 % and 7.1 %, respectively, in phase 7, in the absence
of sulfide. The presence of Methylocaldum spp. decreased from phase 1 to
phase 5 (from a RA of 3.6 % to 1.0 %), after which it became less
abundant (RA: <1 %). The attached biomass on the membrane module
in R2 was characterized by the dominance of Methylocystis spp. (RA:
31.8 %), Chryseobacterium spp. (RA: 30.1 %) and Hyphomicrobium spp.
(RA: 12.9 %) (Fig. 6d).

4. Discussion
4.1. Mineral nitrogen vs stripped ammonia as nitrogen source

The combination of nitrogen stripping and microbial fermentation
envisaged in the proposed biogas-to-MP conversion platform represents
a key strategy for biogas and digestate valorization towards high-value
biobased products. The process of nitrogen stripping met the nitrogen
requirements of the microbial fermentation process, while the low re-
sidual NHj —N concentrations achieved in the treated digestate (Fig. 1a)
highlighted its potential use for agronomic applications with lower
environmental impacts, i.e., with reduced risks of run-off or
volatilization.

Although better assimilation efficiencies could be obtained by opti-
mizing the nitrogen supply according to the biomass growth, the mass
balance on nitrogen (Table S5) demonstrated that the N feeding stra-
tegies were comparable within experimental variability, confirming the
effectiveness of digestate nitrogen stripping as a valid strategy to pro-
vide nitrogen for the MP production. Moreover, the different conditions
of nitrogen supply tested in R1 did not affect the microbial community
composition (Fig. 6a and c).

Digestate nitrogen stripping also allowed to mitigate the acidifica-
tion of the cultivation medium that occurred in the phases where ni-
trogen was provided in the mineral form (phases 1-3) (Fig. 3) and in
previous studies on sulfide-rich biogas conversion into MP [6,7]. The
propensity of the pH to acidify due to the CO presence in the supplied
biogas was in fact alleviated by the presence of NHg in the recirculating
gas in R1, thereby lowering the need for pH buffering.

However, despite the utilization of the internal recirculating gas for
NHj stripping has the advantage of not requiring an additional external
gas flow, the composition of the recirculating gas might limit the effi-
ciencies of the stripping process with respect to applications where
external air is used as stripping agent. In the latter case, an almost
complete ammonium stripping from the digestate can be achieved after
18-48 h under similar temperatures and gas-to-digestate ratios [10].
The pH is the main parameter affecting the nitrogen stripping process,
with high ammonia recovery levels occurring only at high pH values
[24]. The main process driving the pH increase in the digestate is the
COq, stripping, thus the presence of CO; in the recirculation gas collected
from the headspace of R1 (Fig. 3) likely limited the COs stripping from
the digestate, thereby resulting in a slower and less marked pH increase
that might have limited the ammonia stripping [22]. CO5 was indeed
present in the recirculating gas stream used as stripping flow not only
because it is present in the biogas supplied to the reactor, but also
because it is produced by the MOB through methane oxidation [25], and
was likely only partially consumed by autotrophic SOB [26].

Nevertheless, the direct utilization of the biogas/oxygen mixture as
stripping agent for ammonia recovery from digestate allowed promising
performance (up to 94 % ammonia recovered) when compared to pre-
vious studies where biogas was used for the same purpose. As an
example, Serna-Maza et al. [12] observed lower efficiencies of NH4-N
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recovery from digestate when the stripping process was performed at
temperatures of 30, 55 and 70 °C (34 %, 42 % and 56 % of nitrogen
recovery, respectively). The latter study achieved recovery rates close to
those of this study only by adjusting the pH of the digestate up to 10,
reaching a 92 % recovery of NHj —N at 70 °C, thus requiring signifi-
cantly higher expenses for digestate buffering and heating. Although the
nitrogen removal efficiencies achieved in the present study were higher
than those obtained by Kim et al. [27] (49-75 %), who used biogas as
stripping gas for nitrogen recovery from digestate at a gas-to-digestate
ratio of 5:1 and at a significantly higher temperature (70 °C), the
stripping rates were much lower compared to those obtained in only 8 h
by the same authors. This highlights the higher efficiency of the pro-
posed process obtained without the need of pH adjustments of the
digestate, meeting the nitrogen requirements of the microbial fermen-
tation process as confirmed by the levels of residual nitrogen observed in
the reactor (phases 4-6) (Fig. 1a).

The presence of oxygen in the recirculating gas stream (Fig. S11),
which lowered the CO5 concentration of the supplied biogas, might have
limited the negative effects of utilizing a CO-rich stream as stripping
agent, thereby allowing the promising results achieved in the proposed
process. Nevertheless, the performance of the direct nitrogen stripping
could be further improved by employing a separated air/oxygen stream
as stripping agent, that would then provide the required O5 to the pro-
cess of microbial fermentation.

4.2. Mineral vs microbially produced sulfate as sulfur source

This study demonstrated the capability of the MOB-SOB culture to
rely solely on the sulfate originating from the oxidation of biogas sulfide
as sulfur source in the biogas-to-MP process. Sulfur is commonly sup-
plied as nutrient to the microorganisms in the form of sulfate (SO%’)
[28]. The latter is produced as the end product of microbial sulfide
oxidation [29].

The high levels of the residual sulfate observed in the reactors at the
end of phase 2 (Fig. 2a) suggested the need to optimize the supply of
mineral sulfate in the influent medium. The influent sulfate concentra-
tion was thereby decreased during phase 3 in R2. No influence on the
biomass growth was observed by the decreased sulfate supply and the
residual sulfate levels in phase 3 were higher than the influent sulfate
concentration (100 mg/L) (Fig. 2a). This suggested that the microbial
sulfate uptake was lower than the sulfate production through sulfide
oxidation, as already experienced in previous experiments on the
continuous sulfide-rich biogas-to-MP conversion [6]. Indeed, by
comparing the sulfate concentrations measured in the reactors with the
influent sulfide concentration (1500 ppm, of equivalent HyS), the sulfate
increase was comparable to the sulfate potentially produced from the
complete sulfide oxidation [29].

During phase 4, MgSO4 was not provided anymore with the influent
cultivation medium and was replaced by MgCl,. This did not affect
biomass growth and productivity in contrast with a previous study on
HoS-rich biogas-to-MP conversion, where a 20 % depletion of the
biomass concentration was observed when MgSO4 supply was dis-
continued [6]. In that case, however, both magnesium and sulfate were
removed simultaneously from the influent medium, thereby suggesting
that the main cause of biomass depletion was the lack of Mg, which is an
important nutrient for biomass growth [30]. The latter observations
were confirmed by the batch tests investigating the role of the absence of
magnesium and sulfate separately (Fig. 4a) which showed detrimental
effects of the lack of magnesium on biomass growth and yield, while no
effects of the absence of sulfate. Despite the absence of mineral sulfate
supply, sulfur was nevertheless provided in the form of NayS-9H50, thus
possibly explaining the SOB-driven sulfate production through sulfide
oxidation, also experienced in R2, where measurable sulfate concen-
trations were detected despite the discontinuation of sulfate feeding in
phase 4 (Fig. 2a), confirming the ability of the MOB-SOB biomass to rely
on biogas sulfide as the sole sulfur source.
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4.3. Influence of H,S concentration on biogas-to-MP conversion

The HyS-rich biogas-to-MP conversion process was effectively per-
formed in hollow fiber membrane bioreactors, enabling efficient gas
mass transfer and allowing the development of both attached and sus-
pended MOB-SOB biomass tolerant to sulfide toxicity. The membrane-
based system allowed to tolerate increasing sulfide levels thanks to the
different microbial composition of the biofilm attached to the mem-
branes, which might have allowed the retention of specific SOB miti-
gating the toxic effects of sulfide and, therefore, enabling a better
utilization of the gaseous substrates, confirming the findings of a pre-
vious study on MP production from HS-rich biogas using hollow fiber
membrane bioreactors [8].

The HjS concentration in biogas is highly variable (0-10,000 ppmy)
and depends on the nature of the organic substrate subjected to AD, with
protein-rich substrates inducing particularly high sulfide concentrations
[31]. HyS reportedly inhibits methanotrophic growth by limiting the
activity of methane monooxygenase (MMO), the enzyme catalyzing the
methane oxidation reaction, which copper sites are inactivated by the
precipitation of copper sulfide [32]. The MOB-SOB culture was capable
of growing on biogas at high equivalent HyS concentrations, showing
only a marginal inhibitory effect of sulfide on MOB growth (Fig. 2a and
b), with clear inhibition occurring only beyond 6000 ppm,, of equivalent
H,S as shown in the batch tests (Fig. 4b). The latter is confirmed by the
higher carbon conversion efficiencies observed in this study in the
presence of high equivalent HyS concentrations (Table S6) compared to
those obtained with a bubble column reactor type (7.6 % and 6.0 % in
the presence of 3000 and 4000 ppmy of equivalent HyS) [6]. Shifting
from 1500 to 4000 ppm, of equivalent HyS caused a 40 % decrease of the
biomass concentration when the process of biomass-to-MP conversion
with the same MOB-SOB culture was performed in bubble column re-
actors [6], while in the present study the decrease of biomass concen-
tration was limited to 15 %.

The sulfide inhibition on the MOB-SOB mixed culture was clearly
lower than that observed in other studies on methanotrophic-driven
biogas conversion to MP thanks to the microbial community composi-
tion of the MOB-SOB culture. The most abundant genera were Methyl-
ocystis spp. and Chryseobacterium spp. during the whole experiment in
both reactors (Fig. 6). Methylocystis spp. is a methanotroph type II, which
demonstrates inhibition in the presence of low concentrations of H,S in
the biogas when cultivated alone, even at 500 ppmy [33] or 200 ppmy
[341.

Chryseobacterium spp., a heterotroph commonly found in sulfide-rich
environments and in sulfide oxidation systems [35,36], was the other
dominant strain of the mixed culture used in the experiment. The
combination of MOB with several bacterial groups capable of sulfide
oxidation, e.g., Chryseobacterium, Pseudomonas, Thiobacillus and Hypho-
microbium [34,37], significantly improved the resistance to high
equivalent HS concentrations in biogas (1500-6000 ppmy,).

The enhanced performance of HyS-rich biogas-to-MP conversion in
hollow fiber membrane reactors and the improved resistance to sulfide
toxicity was further favored by the presence of the biomass under both
attached and suspended forms. The biofilm biomass harvested on the
membrane modules in R1 and R2, apart from the dominance of Meth-
ylocystis spp. and Chryseobacterium spp., showed also a particularly
abundant presence of Hyphomicrobium spp. which had higher RAs than
in the suspended biomass harvested at the same time (end of phase 6 in
R1 and of phase 7 in R2). Thus, as already mentioned above, the sig-
nificant dominance in the biofilm biomass of SOB strains, e.g., Chrys-
eobacterium spp., Hyphomicrobium spp. and Pseudomonas spp., might
have enhanced the resistance to high sulfide concentrations in biogas.

HoS inhibition of methanotrophic growth has been reported already
at concentrations as low as 200 ppmy, [3]. The extent of sulfide inhibition
varies among different methanotrophic cultures and is higher in pure
cultures compared to mixed microbial cultures. As an example, the MOB
genus dominant in the present study, i.e., Methylocystis spp., showed a
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85 % lower growth in the presence of 500 ppmy of HsS in the biogas than
in the absence of sulfide when cultivated as pure culture [33]. Xu et al.
[4] instead experienced sulfide inhibition for the growth of a pure cul-
ture of Methylocapsa acidiphila above 1000 ppmy of H,S in biogas. A
44-60 % inhibition of the growth of Methylocaldum spp. was caused by a
biogas containing 1000 ppm, of H,S, with a more severe inhibition
occurring at 3000 ppm, [31]. In another study, the growth of Methyl-
ophilus spp. was inhibited by 44 % in the presence of 1000 ppmy HsS in
the biogas and, after a further increase of the concentration to 5000
ppmy, the biomass concentration decreased by 90 % [38]. Lee et al. [34]
observed inhibition of the activity of Methylocystis spp. already at 200
ppmy, with a 35 % lower methane oxidation rate than in the absence of
sulfide.

The variable sulfur supply tested in R2 affected the microbial com-
munity composition (Fig. 5b and d). Indeed, the RA of Methylocaldum
spp. was negatively affected by the increasing concentrations of equiv-
alent H,S in biogas (phases 4-6) (Fig. 5d). Rising levels of equivalent
H,S in the biogas stimulated instead the presence of some SOB, e.g.,
Pseudomonas spp. and Hyphomicrobium spp., i.e., heterotrophic bacteria
which might have grown on the organic metabolites produced by MOB
during methane oxidation. They might thus have contributed to the
growth of the mixed culture as methanotrophic activity is potentially
hindered by the accumulation of certain organic metabolites [39]. The
mixed culture also comprised other heterotrophs frequently detected in
aerobic systems, including Terrimonas spp. and Xanthomonas spp.
[40,41].

The biomass yields observed in this study (up to 0.218 g VSS/g CHy),
despite being close to those achieved in other studies for biogas-to-MP
production in membrane reactors [42], are rather lower compared to
other studies for continuous biogas-to-MP production [43,44]. This
could be explained by the lower biomass yield that typically characterize
type II methanotrophs [45], in contrast to the higher growth perfor-
mance shown by type I methanotrophs [8]. The latter aspect emphasizes
how the design of dedicated microbial consortia could help improving
biomass yield, although this might affect the robustness and the stability
of the biological process.

4.4. Biomass quality: protein content and amino acid profile

Despite the various operational changes, a stable and high biomass
protein content was observed in both reactors (Figs. 1c and 2c), con-
firming the potential of the employed MOB-SOB culture of acquiring
high protein concentrations in line with those typically found in MOB
biomass grown on biogas [4,46], and HaS-rich biogas [6,7]. The protein
content and AA profile of the biomass was comparable to that of con-
ventional protein sources, e.g., fishmeal or soybean [47], thereby con-
firming the suitability of the produced MP for feed or food applications.

The AA profile of the harvested biomass was overall stable with
respect to the nitrogen supply strategy in R1, with only slight variations
of the concentration of some AA (Table S9), thereby confirming that
using NH4 —N from digestate stripping did not affect the protein and AA
content of the biomass. In contrast, the AA profile was markedly influ-
enced by the increasing sulfide concentrations tested in R2, which
enhanced the total AA content of the biomass (Table S9) as already re-
ported by Areniello et al. [6]. This contrasts studies using pure meth-
anotrophic cultures showing detrimental effects of sulfide in biogas on
protein and AA synthesis [4].

The most relevant effect of the increasing biogas equivalent HsS
concentration was observed on the S-AA, i.e., cysteine, methionine and
taurine (Fig. 5), confirming the beneficial influence of sulfide on S-AA
synthesis [48]. This result is particularly encouraging as MP are
commonly deficient in S-AA, thus supplementation of methionine and
cysteine is often required for MP used as feed ingredient [49]. Moreover,
methionine and cysteine are essential AA lacking in most of the con-
ventional plant-based sources, e.g., legumes [50]. The methionine and
cysteine (Met + Cys) concentrations obtained in the harvested biomass
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(96.2 + 210.2 mg/g protein) are particularly promising compared to the
nutritional daily requirements for Met + Cys for infants and adults that
are 42 and 25 mg/g protein, respectively. The latter makes the produced
MP biomass competitive against common alternative protein sources, i.
e., soybean meal and fishmeal, having average Met + Cys contents of 28
and 30 mg/g protein, respectively [51,52]. The attained S-AA content
resulted in a sulfur content of the harvested biomass (Table S10) higher
than what is reported in the literature for microbial biomass (around 1
% g S/g VSS) [53].

Glutamic acid (32.7-50.7 mg/g VSS) confirmed to be among the
most abundant AA in methanotrophic biomass [40,54,55]. Alanine,
although not essential, is important for the intracellular muscle buft-
ering [38] and was present at high concentrations (35.4-48.1 mg/g
VSS). The increased equivalent HyS concentrations also benefitted the
synthesis of lysine, an essential AA largely utilized as diet supplement in
fishmeal and animal feed as it favors animal growth and muscle devel-
opment [40].

4.5. Potential advantages and bottlenecks of the integrated conversion of
digestate nitrogen and H,S-rich biogas to MP

The economic performance of the integrated platform developed in
this study, coupling digestate nitrogen recovery with the conversion of
HaS-rich biogas to MP, can be preliminarily evaluated drawing on pre-
vious works that assessed the techno-economic feasibility of on-site
upcycling of biogas carbon and mineral nitrogen recovered from
anaerobic digestion for MP production. Although a comprehensive
techno-economic assessment lies beyond the scope of this study, pre-
liminary evaluations can provide valuable insights into the advantages
of the proposed integrated strategy. A detailed breakdown of these
considerations is provided in Section S12 and Tables S12 and S13.

Verbeeck et al. [50], in their assessment of biogas-to-MP conversion
via a MOB consortium using ammonia recovered from anaerobic
digestate (through a stripping process), estimated an MP production cost
of 1.54 €/kg.

Based on their estimations, by eliminating the need for biogas
desulfurization, MP production costs could be reduced by about 4 %,
reaching 1.48 €/kg (Section S12 and Table S13). Furthermore, the direct
use of HaS-rich biogas would obviate the need for sulfur supplementa-
tion with chemicals such as MgSOa., offering an additional cost
advantage.

Conventional stripping processes for ammonium recovery from
digestate generally rely on external airflow as the stripping agent. In
contrast, the platform proposed here employs the recirculation of un-
used headspace gas from the fermentation unit, using the existing
recirculation pump, thus avoiding the need for additional air supply
(Fig. S3). This also eliminates the requirement for chemicals (e.g.,
NaOH) to increase digestate pH. Avoiding both air-blowing equipment
and chemical dosing reduces the total MP production cost to 1.22 €/kg
(Table S13).

Assuming an average protein content of 60 % in MOB biomass, the
corresponding price per kilogram of protein is 2.03 €. This is particularly
promising when benchmarked against conventional protein sources
such as fishmeal (1.6 €/kg product, ~60 % protein) and soybean meal
(0.42 €/kg product, ~40 % protein) [53,54], which correspond to pro-
tein prices of 2.67 €/kg and 1.15 €/kg, respectively [55]. It is also worth
noting that this preliminary evaluation does not account for potential
savings in externalized costs associated with MP production, such as
reduced water consumption, land use, nitrogen pollution, and green-
house gas emissions, which would further improve the relative
competitiveness of MP compared to conventional protein sources.

On the other hand, dealing with gaseous substrates constitutes a
major technological bottleneck for cost-effective production and poses
the need for an efficient bioreactor design capable of enhancing mass
transfer between gas and liquid phases [8]. Therefore, the scalability of
biogas-to-MP conversion is tightly linked to the optimization of
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bioreactor configuration, which must ensure maximized substrate con-
version rates and yields. In parallel, tailoring microbial consortia ac-
cording to the metabolic traits of selected strains is equally crucial.
Together, these advancements would contribute to improving essential
performance indicators, including protein and biomass yields and pro-
ductivities, thereby strengthening the overall techno-economic viability
of the process.

5. Conclusions

The feasibility of the combined valorization of HyS-rich biogas and
digestate nitrogen into sulfur-rich microbial protein was demonstrated
in this study. The MP production process could rely solely on the ni-
trogen stripped from anaerobic digestate and on the sulfate produced by
the biogas HaS oxidation performed by the SOB as nitrogen and sulfur
sources, respectively. The nitrogen stripping from anaerobic digestate
through the internal biogas recirculation flow achieved nitrogen strip-
ping rates of 109.6 mg NH}—N/L-d at 45 °C, with residual NHj —N
levels in the digestate of 58.4 (+4.5) NH—N/L, making it suitable for
agronomic use.

Magnesium was found to be a crucial nutrient to support microbial
growth, therefore highlighting the need to not discontinue its supply
along with that of sulfate. The extent of HyS inhibition was clearly lower
than in previous studies testing the methanotrophic growth on HsS-
containing biogas, mainly thanks to the microbial community of the
biofilm biomass, which was comprised of Methylocystis spp. and several
SOB. The increasing H,S levels were beneficial for the synthesis of amino
acids, and in particular for the accumulation of sulfur-containing amino
acids, having a pivotal importance in view of the utilization of the
produced MP biomass for nutritional applications. The potential of the
proposed platform to replace conventional protein production, e.g.,
fishmeal and soybean meal, was demonstrated, although a proper design
of microbial consortia and bioreactor configurations would improve
biomass/protein productivities.
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