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Abstract

An anaerobic membrane bioreactor (AnMBR) pilot plant treating kitchen food waste (FW) jointly with urban
wastewater was run for 536 days. Different operational conditions were tested varying the sludge retention time (SRT),
the hydraulic retention time (HRT) and the penetration factor (PF) of food waste disposers. COD removal efficiency
exceeded 90% in all tested conditions. The joint treatment resulted in an almost 3-fold increase in methane production
(at 70 days of SRT, 24 hours HRT and 80% PF) in comparison with the treatment of urban wastewater only.
Mathematical model simulations and Illumina technology were used to obtain in-depth information of this outstanding
process performance. Both the PF and SRT factors increased influent biodegradability. The experimental results were
accurately reproduced via model simulations modifying only the influent biodegradability. The high SRT and the
presence of ground FW in the influent resulted in higher hydrolytic activity. Not only did the Archaea population
increase 3-fold but Levilinea genera was also significantly raised. Three new genera characterised by anaerobic
fermentation of amino acids (Leptolinea, Aminomonas and Aminobacterium) were among the ten most abundant of the

total sequences identified during the joint treatment, indicating an improvement in the hydrolysis step of anaerobic

degradation. Influent biodegradability remained at high values when FW addition stopped.

Keywords AnMBR, food waste, resource recovery, simulation.

INTRODUCTION
Both wastewater (WW) and municipal solid waste (MSW) from household activities are constantly

growing due to the ever-expanding worldwide population. Both wastes cause severe environmental
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problems, such as contamination of soil, aquatic ecosystems, and air [1, 2]. To protect the
environment, stricter regulations have been imposed, such as European Directive 1999/31/CE,
which demands a considerable reduction in the organic waste sent to landfills in EU countries, or
European Directive 91/271/EEC, which requires specific pollutant concentrations to be met in

discharges from urban WWTPs.

Most urban wastewater is now treated via aerobic processes in wastewater treatment plants
(WWTP) due to the fact that in most developed countries WW is characterized by low organic
matter concentrations [3, 4, 5], which drastically limits the energy recovery potential through
anaerobic processes. Aerobic-based wastewater treatment schemes are energy intensive, produce
significant quantities of sludge and do not recover the potential resources available in wastewater
[6]. In these treatment systems the aeration of the reaction tank for microbial degradation of organic
matter consumes a huge amount of energy [7] and can require more than 60% of the total energy
consumption of a municipal WWTPs [8]. Moreover, the higher the organic content of the influent,
the higher the aeration costs [9]. However, anaerobic treatment schemes can recover energy by
converting organic matter into methane-rich biogas, besides having other appealing advantages such
as low sludge production, higher pathogen reduction and the possibility of recovering nutrients for

reuse in agriculture [10].

The organic matter content of WW is greatly increased by the widespread use of household food
waste disposers, as was shown in [11] and [12]. However, to take full advantage of this extra
organic matter for energy production, the current aerobic process schemes used in WWTPs should
be modified towards more sustainable wastewater treatments such as anaerobic processes
(beneficial from an economic, social and environmental points of view). At the present time there is
a paradigm shift in which wastewater is no longer considered a waste but a valuable source of raw

materials (such as water, energy, nutrients, etc.). This is in line with European Directive
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2008/98/CE, which encourages the recovery of resources from household waste and other materials
in order to conserve natural resources. The use of anaerobic membrane bioreactors (AnMBR) in
WWTPs is thus an evident option. This technology decouples hydraulic retention time (HRT) from
sludge retention time (SRT), allowing the application of anaerobic digestion in low strength
wastewater treatment, such as typical urban wastewater [13]. Without decoupling SRT from HRT,
impractical reactor volumes would be required to operate the biological process at the required SRT
to meet the pollutant removal limits (due to the slow growth rate of anaerobic microorganisms).
Using membrane technology also provides an almost pathogen-free effluent (of special interest for
WW reuse) and high microbial diversity within the biological reactor, since the microorganisms are
not lost with the effluent (in contrast to the secondary settler of a conventional WWTP, in which

solids are always present in the clarified effluent).

The feasibility of AnMBR technology for the joint treatment of food waste (FW) and urban
wastewater has already been demonstrated in [14] and [15]. However, an in-depth insight into the
process has not yet been obtained via model simulation, so that few relevant findings on the
microbiology of this novel treatment are available. The aim of this work was thus to determine how
the different operational conditions can be simulated via a conventional mathematical model in
order to compare the simulation results with the experimental data and so determine the effects of

the joint treatment of FW and urban wastewater by anaerobic membrane technology.

MATERIALS AND METHODS

Pilot plant
The experimental data given in this paper were collected in the AnMBR pilot plant in the Carraixet
WWTP (Alboraya, Valencia-Spain). The influent of the pilot plant comes from the pre-treatment of

the full-scale Carraixet WWTP after screening and removal of grit and grease. The process flow
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diagram of the pilot plant is shown in Figure 1. The Food Waste (FW) consisted of leftovers from
restaurants on the campus of the Universitat Politecnica de Valéncia (Valencia, Spain). The
substrate was weighed and stored in bags at 4°C the day before experimental use. A commercial
food waste disposer and a 0.5 mm opening size rotofilter were used for the pre-treatment of the FW,
which was stored in a co-substrate tank of 0.180 m®. A three-way valve alternated wastewater and
FW inputs to the anaerobic reactor (1.3 m®). The FW fraction was supplied according to the
Penetration Factor (PF, or the percentage of households using food waste disposers) as laid down in
the experimental plan. The plant was equipped with two 0.02 um pore size ultrafiltration
membranes submerged in separate tanks. A detailed description of the pilot plant, feeding
procedure, influent characterization and process results can be seen in Mofiino et al. [15, 16].
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Figure 1. Process flow diagram of the AnMBR pilot plant.

Operating conditions

Six different operational periods were planned, covering a total of 536 days of experiments in the
pilot plant. The main operating conditions of each period are shown in Table 1. As can be seen in
this table, in four periods (P2 to P5), the AnMBR treated both FW and wastewater at different PF

levels (40 and 80%). These two percentages were chosen to consider the effects of different
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numbers of households using food waste disposers. In the first and last periods only wastewater was
treated. Period 1 was prior to the joint treatment and Period 6 was after FW addition, when a new
pseudo steady-state was reached. The data used for the process-modelling was the average process
variables from the pseudo steady-state periods. These periods were determined after checking

negligible COD accumulation in the COD mass-balance, together with the stabilization of both the

reactor solids concentration and methane production.

Table 1. Operational conditions tested in the AnMBR pilot plant.

P1 P2 P3 P4 P5 P6
SRT (d) 40+2 41+3 Extended* 70+11 69+6 70+2
T (°C) 2542 28+1 28+1 28+1 27+1 28+3
HRT (h) 30+4 18+4 26+3 2246 24+6 22+4
PF (%)** 0 40+4 40+3 40+4 80+7 0
Duration of the period (d) 31 105 148 125 61 66
Number of days in pseudo 20 30 5% 40 30 25

steady-state (d)

* In period 3 (P3), only the sludge required for the daily laboratory analysis was harvested (this period was labelled ‘extended SRT’).
Operating at this high SRT made it almost impossible to achieve a true pseudo steady-state. For this reason, the last 25 days of the

period, in which a relatively stable solid, COD and biogas production was observed, were used to calculate the average process

variables for the mathematical model simulation.

** PF is the percentage of households that use food waste disposers.

Analytical Methods

Influent, effluent and AnMBR reactor samples were collected twice a week to monitor the evolution
of the biological process. Volatile Solids (VS), COD, sulphide and sulphate concentrations were
determined according to Standard Methods [17]. Methane production was recorded and dissolved
methane in the effluent was calculated by Henry’s Law, as described in [18]. Specific methanogenic
activity (SMA) tests were carried out for each period using the Automatic Methane Potential Test

System (AMPTS) [Bioprocess Control, Sweden] and performed as described in [19].

Microbial community analysis
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Sludge samples were stored at -20°C and prepared for nucleic acid extraction. For this purpose, the
E.ZN.A Soil DNA Kit (Omega-Biotek) was used following the protocol provided by the
manufacturer. The quality and quantity of the nucleic material extracted was determined in a
Nanodrop 2000 spectrophotometer (Thermo Scientific) and Qubit 3.0 fluorometer (Life
Technologies), respectively. From the extracted DNA samples, 0.2 ng/uL was used for the
construction of libraries with universal prokaryotic indexed primers targeting the v4 hyper-variable
region of the 16S rDNA [20]. Finally, amplicon sequencing was performed in a MiSeq sequencer
within a 2x300 paired-end run by the genomic department of Fundacion para el Fomento de la

Investigacion Sanitaria y Biomédica de la Comunidad Valenciana (FISABIO) in Valencia (Spain).

The data retrieved from Illumina sequencing was processed for barcode and index removal and then
quality trimmed with default parameters of the prinseq-pl algorithm [18]. After joining the filtered
reads with fastg-join [19], non-chimeric sequences were phylogenetically classified at genus level
within the Ribosomal Database Project Classifier (default parameters). The results were exported to

the multimedia and interactive Krona tool [20].

RESULTS AND DISCUSSION

The experimental results from the AnMBR pilot plant (included in Table 2) showed an exceptional
increase of methane production, by up to 3-fold, at 70 days of SRT, 24 hours HRT and 80% PF,
compared with the treatment of urban WW only (148.7 vs 51.2 LcHs/Kg COD removed). This
increase is attributed to the higher biodegradability of the FW (in comparison with urban WW)
together with the process operation at high SRT (70 days). The higher the SRT the higher the
hydrolysis and degradation of slowly biodegradable organic compounds as a result of the extended
contact time between the pollutants and the microorganisms. Both factors also helped to reduce
sludge production (from 0.614 kg VS / kg removed COD in P1 to 0.142 in P5), which is currently

of special interest due to the stricter environmental constraints on WWTP sludge disposal. The
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lowest sludge production (0.015 kg VS / kg removed COD) was observed during AnNMBR operation
at extended SRT (P3), but under normal operating conditions 0.142 kg VS / kg removed COD could
be a representative and achievable reference value. COD and TS legal requirements were achieved
in the effluent of the AnNMBR plant thanks to the use of the ultrafiltration membranes. COD
removal efficiency exceeded 90% in all the tested conditions. The VFA concentration was always
lower than the detection limit (10 mg HAc/L), indicating that no process imbalance occurred.
Conversely, effluent nutrient concentrations (N and P) exceeded the regulation limits. This effluent
could thus be either directly used for agricultural irrigation (note that the ultrafiltration membranes
also provide the required disinfection level) or could be given a tertiary treatment to meet the
stricter nutrient requirements imposed by the legislation. Indeed, the nutrient concentration in the
effluent was higher than in the influent of the AnMBR pilot-plant due to the hydrolysis of the
organic matter. In Table 2 it can be seen that N and P effluent concentrations were similar in all the
operating conditions with and without FW addition, showing the relatively similar nutrient

composition of the FW and WW.

Table 2. Summary of the main experimental results from the AnMBR pilot plant. The data shown are the average

values from each pseudo steady-state period.

P1 P2 P3 P4 P5 P6

TSS reactor (g/L) 16.58+2 16.25+2 28.94+3 15.48+2 14.41+2 12.83+1
% SSV reactor 69.18+4 68.98%5 68.38+4 70.2145 69.67+4 69.75+5
(Slig‘ég\f/ﬁzgdé’gt[')"?emove o 06l 0.316 0.015 0.179 0.142 0.245
Effluent COD (mg/L) 4943 51.6+4 22.742 54.3%5 51.945 25.7+3
Effluent AGV (mg HAC/L) <LD <LD <LD <LD <LD <LD
N-NH, effluent (mg/L) 496+11.1 408%55  69.6+11.1 69.6+7.7  535+48  445+57
P-PO; effluent (mg/L) 56+08  50%05 7913 7611 7.9%0.4 54+0.8
CHa (L/d) 18.243 83.746 201.7+12 244,114 333.7+15 98.827

(L/kg COD removed)  51.2420.4  80.4+22.5  121.1#24.1  114.9+58.5  148.74¢57.2  93.9+40.7
SMA (mL CH4/ g VS d) 1022 1042 3623 4943 51+4 4343

*In period 3 (P3), only the sludge required for the daily laboratory analysis was harvested (‘extended SRT’)
** PF is the percentage of households that use food waste disposers.

<LD Lower than the detection limit (10 mg HAc/L).
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Model simulations were performed to reproduce each pseudo steady-state, based on the plant-wide
Biological Nutrient Removal Model No. 2 (BNRM2) proposed in [25] and including the sulphate
reducing bacteria (SRB) model proposed in [26]. For this purpose the average values were used of
all the variables measured (influent, anaerobic reactor and effluent) during each pseudo steady-state.

Table 3 gives the main influent variables used for the simulation of each period.

Table 3. Characterization of the influent during each pseudo steady-state period. These influent variable values were

used in the model simulations.

Parameter P1 P2 P3 P4 P5 P6
(Trgtgfj'l_():OD 612 + 64 11512 £1023  6283+947  6558+850  11553+1102 606 %52
(Sr%‘jbl_')e cob 102+ 22 3690 + 339 1619 + 194 1868 + 150 3395 + 353 94+8
(Trgg’}'l_')\“”oge” 58.5+4.5 197.6 +11 128.0+7 92.0 +6 198.4 +13 55.0 + 4.0
(Srz'g‘jbl_')e Nitrogen 430443 115.9 46 68.0+5 59.0 +4.2 116.3 46 41.0+3
N-NHa (mg/L) 356+4 28.7+3 498+2.7 409+2.7 408+3 400+25
P-PO4 (Mg/L) 3.9+09 119425 109428 103432 11.0+35 38406
S-SO4 (Mg/L) 98.0+53 331.9+15.4 3407+158  357.6+29.7 37334676  114.0+97
Alkalinity

(g CaC0s/ L) 246 +32 301435 307 + 30 302+ 27 252 + 30 300 28
VFA(mg HAC/ L) <LD 612+ 35 522 + 30 360+ 25 722 +57 1845

<LD Lower than the detection limit (10 mg HAc/L).

In the first approach to modelling the AnMBR process performance, the default values for all the
stoichiometric and kinetic parameters from the BNRM2 model proposed in [25] and for the SRB
extension of [26] were used in the simulations of the six pseudo steady-state periods. Figure 2
shows the experimental and simulated total COD in the AnMBR and average methane production.
As can be clearly seen in Figure 2, there are considerable discrepancies between the experimental
values and the simulated results in Periods 3 to 6, where changes were made to either the influent
composition (due to FW addition) or SRT. The mathematical model predicted higher COD

accumulation in the anaerobic reactor (percentage error for the simulated data ranged from 46% to
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88% in Periods P3 to Ps) and lower methane production reactor (percentage error for this variable

ranged from - 58 % to -100 % in Periods Pz to Pe).
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Figure 2. Experimental versus simulated variables in each pseudo steady-state period prior to model calibration: (a)
AnMBR Total COD (b) Methane production. Note that the 95% interval confidence limits have been included in the
experimental values. These confidence limits are calculated as the [averagetti.i.q» (s/n"0.5)], where s is the standard
deviation, n the number of values of the variable considered and o the significance level used to compute the confidence

level: in this case 0.05.

These discrepancies between the experimental and simulated data suggest a clear difference
between the COD biodegradability predicted by the model and the experimental biodegradation
observed in the reactor. High biodegradability is directly related to high COD degradation (thus,
resulting in low COD accumulation) and high methane production. To address these differences, the
anaerobic biodegradability of the influent particulate organic matter was therefore chosen as the
calibration parameter. Table 4 shows the initial values of this parameter for each pseudo steady-
state (experimentally obtained by means of the classical BOD and COD determinations in the
influent, and used in the initial set of simulations) together with the calibrated values obtained via
computational analysis to produce the best fit between the experimental data of the process

behaviour and the model simulations.



207

208
209

210
211
212
213
214
215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

Table 4. Biodegradability of the influent particulate organic matter obtained experimentally and computationally (to get

the best fit between the experimental data of the process behaviour and model simulations).

P1 P2 P3 P4 P5 P6

SRT (d) 4012 4143 Extended* 70+11 69+6 70+2
PF (%)** 0 4014 40+3 4014 80+7 0

Initial biodegradability*** 44.8 50.1 49.6 49.5 49.2 44.8
Calibrated biodegradability 44.8 52.8 70.8 80.1 86.1 77.5

The biodegradability of the influent particulate organic matter is calculated as Xs/(Xs+Xi), where Xs is the particulate biodegradable
organic matter and Xi the particulate inert organic matter.

*In period 3 (P3), only the sludge required for the daily laboratory analysis was harvested (‘extended SRT’)

** PF is the percentage of households that use food waste disposers.

*** The initial biodegradability was experimentally obtained by means of classical BOD and COD determinations in the influent.

Using the calibrated values of the anaerobic biodegradability of the influent particulate organic
matter, a good agreement was seen between the experimentally measured variables of the process
and the simulated results (see Table 5). This was the only parameter modified to achieve an
accurate fit. It is worth highlighting that the calibrated biodegradability reached values of up to
86%, which is even higher than the experimental anaerobic biodegradability of the FW obtained in
[16] (73% (252 = 11 mL CH4 / g COD). It therefore seems that the introduction of FW (rich in
biodegradable organic matter) and operating at high SRT values result in clearly increased organic
matter biodegradation, which could reflect either greater activity of the existing microbial
population or a change in the microbial consortia towards a more efficient and hydrolytic species.
The fact that this effect remained when FW was no longer added is of special relevance. To get a
deeper insight into these microbiological aspects, the microbial population was analysed by
Illumina high-throughput sequencing of the 16S rRNA gene.

As pointed out by Kim et al. [23], results are required on the characterization of the microbial
community structure in a pilot-plant and full-scale anaerobic digestion systems during the treatment

of food waste.

10
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Table 5. Experimental from the AnMBR pilot-plant versus Simulated results from the calibrated model.

Period 1 Period 2 Period 3 Period 4 Period 5 Period 6
Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
COoD sol
mgCOD/L 49.0 60.0 51.6 64.7 22.7 34.2 54.3 48.7 51.9 44.6 25.7 24.6
CH,
. mg/L 46.1 50.2 45.6 58.0 55.5 55.6 54.3 57.8 60.1 56.6 52.9 60.9
S VFA
u—i mgCOD/L 0 1.8 2.6 17 0 1.2 0 1.3 0 1.4 0 1.3
' N-NH,
% mgN/L 49.6 41.4 40.8 30.3 70.1 56.8 69.1 70.4 53.5 53.6 44.6 47.9
S P-PO,
é mgP/L 5.6 44 5.0 5.3 8.2 6.9 7.6 5.6 7.9 8.7 5.4 4.5
S-S0,
mgS/L 6.7 3.3 8.4 3.0 6.5 0 114 0 115 0.0 9.3 0.8
S-HS"
mgS/L 93.2 96.4 89.2 90.1 95.0 118.4 97.0 124.2 98.8 123.1 92.6 114.7
hd COD total
g mgCOD/L 19730  19629.4 19903 19690.2 33650 33463.7 18798 18376.3 17557 17730.4 14880 14962.8
TSS
C
<£ mg/L 16581  16530.3 16254 16398.5 28943.1 289235 15483.7 15516.8 14417 145417 12831 12868.9
S VSS
};T mg/L 11476 114174 11215 11346 19788 19819 10873 10892 10048 101424 8956 8989.1
NVSS
E mg/L 5105 5112.9 5039 5052.5 9155.1 9104.5 4610.7 4624.8 4369 4399.3 3875 3879.8
2 pH 6.6 6.8 6.9 6.8 6.7 6.7 6.6 6.8 6.6 6.7 6.8 6.8
CH,
g Flowrate 18.2 18.2 83.7 83.0 201.7 196.2 244.1 243.8 333.7 327.7 98.8 95.6
L/d
Sludge
production 0.614 0.598 0.316 0.347 0.015 0.017 0.179 0.184 0.142 0.155 0.245 0.217

(Kg SV/KgCOoD)

The microbial population in the AnNMBR was found to be highly diverse in terms of the different
Bacteria and Archaea genera detected. Figure 3 gives the composition at phylum taxonomic level of
the communities found in all periods in the form of krona graphs. Figure 4 contains a heatmap
quantifying the changes in microbial communities between each two consecutive periods (i.e., from
Period 1 to Period 2, from Period 2 to Period 3, and so on). The heatmap is a plot of a data matrix in
which the individual values are represented as colours and was used to visually highlight the
relevant changes in the microbial genera (increases and decreases) through the color gradient, as
well as those genera that do not change appreciably. The main change in the microbial population
was detected in the relative abundance of the Anaerolineaceae family, belonging to Chloroflexi
phylum. Four representative genera from this family were found among the most abundant in all the
periods: Levilinea, Bellilinea, Longilinea and Leptolinea, Levilinea being dominant (Table 6 and

Figure 4). Another phylum whose relative abundance increased in Periods 4 and 5 was

11
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Synergistetes. The change found inside this phylum was related to the higher relative abundance of

Aminomonas and Aminobacterium in these periods. The relative abundance of these three genera

increased as the hydrolytic capacity of the system was enhanced, thus denoting the positive effect of

operating at high SRT for FW degradation in the AnMBR. Finally, as can be seen in Table 6, there

was a remarkable relative abundance of Methanosaeta in Periods 4 and 5.

Table 6. Relative abundances of the dominant genera detected in the AnMBR microbial community

Dominant genera P1 P2 P3 P4 P5 P6
Bacteria;Chloroflexi;Anaerolineae;Anaerolineales;
Anaerolineaceae;Levilinea 162 200 272 258 5.7 204
Bacterlg;ChIorof.Iem;_Apaerollneae;Anaerolmeales; 28 18 34 6.2 6.0 45
Anaerolineaceae;Bellilinea
Bacterla;ChIorof_Iem;A_n_aerolmeae;AnaeroI|neales; 21 08 09 46 42 34
Anaerolineaceae;Longilinea
Bacterlg;ChIorof.Iem;An_aerolmeae;AnaeroI|neales; 15 0.4 05 26 27 29
Anaerolineaceae;Leptolinea
Bacterl_a;Synerg|ste_tes;Synerglstla;Synerglstales; 16 23 34 55 79 42
Synergistaceae;Aminomonas
Bacterl_a;Synerg|ste_tes;Syner_g|st|a;Synerg|staIes; 15 nd. nd. 23 27 17
Synergistaceae;Aminobacterium
Archaea;Euryarchaeota;Methanomicrobia;Methanosarcinales 0.2 11 07 19 27 25

;Methanosaetaceae;Methanosaeta

12
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The significant change in the performance of the AnMBR previously described in terms of methane
production and influent biodegradability was also observed in the AnMBR microbial community,
which shifted towards a more hydrolytic population. This was mainly composed of six genera
which are considered the FW-degrading core of the system. The fold changes detected for each of
these six genera besides the main methanogen (Methanosaeta) are shown in the heatmap plot
(Figure 4). Enchained metabolic reactions take place in anaerobic digestion processes and are
overdriven by different microorganisms. In the present study, the Chloroflexi phylum could have
been responsible for the improvement of the hydrolysis and fermentative stages, as no solids were
accumulated in the system, but were converted into methane enriched biogas at high rates. As
reported by other authors, Anaerolineaceae members belonging to the Chloroflexi phylum, such as
Levilinea, Bellilinea, Longilinea and Leptolinea have high diverse metabolism capacities but have
been poorly described until now. Their crucial role in the degradation of complex polysaccharides
has recently been reported by culture-independent analysis [27]. After the hydrolysis of FW from
the AnMBR influent, different fermentative genera belonging to the Anaerolineaceae family
therefore facilitated the conversion of more simplex organic compounds into lactate, hydrogen and
mainly acetate. Also, the degradation of the protein content present in this influent was mainly

attributed to the Synergistetes phylum, as several amino acid fermenters have been described and
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affiliated with this taxon [28]. This assumed metabolic potential has also been suggested in other
studies that analyzed the microbial diversity in mesophilic anaerobic digesters [29, 30]. Finally, the
well described acetoclastic methanogenic capacity of the Methanosaeta genus could be attributed to
the high SMA values determined in Periods 4 and 5. The higher relative abundance and presumably
higher activity and abundance of the fermentative microorganisms found in the digester explain the
higher SMA values registered. The rapid conversion of organic compounds from FW into acetate
compounds therefore boosted the metabolism of the dominant methanogen found in the system i.e.,
Methanosaeta. The specific methodof this microorganism of breaking acetate up into methane leads
to high values of methane production, thus having a positive and highlighting effect over the
previously mentioned, which were five times the SMA values. Furthermore, as acetate was
expeditiously converted into methane, no VFA accumulation was observed during the whole

experimental period (Table 2).

The dominant composition of the microbial community established in the AnMBR between Periods
4 and 5 was found to have a remarkable potential for the biomethanization of the organic matter in
the influent. This community was not only observed in the periods in which FW was added to the
influent, but was also detected in Period 6, when FW was no longer being added (Table 6 and
Figure 4). These results therefore indicate the acclimatization of the biomass to influent during
long-term operations and the consequent change in composition and microbial activity from the
starting community characterized in Period 1. Thanks to the persistence of the genera that boosted
the conversion of organic matter into methane during Periods 4 and 5, the biodegradability values
remained over 75% at the end of the experimental period. The role of this microbial-degrading

community as hydrolytic microorganisms had a positive effect on the AnMBR performance.

CONCLUSIONS
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In this work, the simulation results perfectly matched the experimental data from an AnMBR pilot-
plant scale and modified only the anaerobic biodegradability of the influent particulate organic
matter. An increase in influent biodegradability occurred when either the FW load or the SRT was
raised. This result can be attributed to higher hydrolytic activity within the AnMBR, which was
confirmed experimentally via lllumina technology. Adding FW and increasing SRT led to changes
in the microbial population within the AnMBR. Hydrolytic and fermentative bacteria were favoured
and their activity gave rise to a considerable increase in biodegradation of influent organic matter.
The evidence for this is the higher methane production (from 51.2 to 148.7 Lcna/kg COD removed),
higher SMA (from 10 to 51 mL CHa4 / g VS day) and lower sludge production (from 0.614 to 0.142
kg VSS / kg COD removed). The FW-degrading microbial population (dominated by
Anaerolineaceae, Synergistaceae and Methanosarcinaceae) was not only established during the
joint treatment period but also remained in the AnNMBR when it again treated wastewater only.
Process stability was observed under all the tested experimental conditions, with negligible VFA

concentration in the anaerobic reactor and no signals of any type of inhibition.

Acknowledgements
This research work has been financially supported by the Generalitat Valenciana

(PROMETEO/2012/029 PROJECT), which is gratefully acknowledged.

References

[1] S.K. Han, H.S. Shin, Biohydrogen production by anaerobic fermentation of food waste, Int. J. Hydrogen Energy, 29
(2004), 569-577, doi: 10.1016/j.ijhydene.2003.09.001
[2] J.T. Hoverman, P.T.J. Johnson, Ponds and lakes: a journey through the life aquatic, Nat. Educ. Knowl. 3 (6) (2012),

17.

[3] M.N. Pons, H. Spanjers, D. Baetens, O. Nowak, S. Gillot, J. Nouwen, N. Schuttinga, Wastewater characteristics in

Europe: A survey, Eur. Water Assoc. (2004), 1-10.

16



330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360

[4] S. Kim, J. Bae, O. Choi, D. Ju, J. Lee, H. Sung, S. Park, B. Sang, Y. Um, A pilot scale two-stage anaerobic digester
treating food waste leachate (FWL): Performance and microbial structure analysis using pyrosequencing, Process
Biochemistry 49 (2014), 301-308, https://doi.org/10.1016/j.procbio.2013.10.022

[5] A. Silva-Teira, J.R. Vazquez-Padin, R. Weiler, R. Fernandez-Gonzalez, F. Rogalla, J.M. Garrido, Performance of a
hybrid membrane bioreactor treating a low strength and alkalinity wastewater, Process Biochemistry (2018), in-
press, https://doi.org/10.1016/j.procbio.2017.12.015

[6] Tchobanoglous, Wastewater Engineering: Treatment and Reuse 4th Edition, McGraw-Hill (2003), ISBN: 978-
0070418783.

[7] K. Kimura, D. Honoki, T. Sato, Effective physical cleaning and adequate membrane flux for direct membrane
filtration (DMF) of municipal wastewater: Up-concentration of organic matter for efficient energy recovery,
Separation and Purification Technology, 181, (2017), 37-43, doi:10.1016/j.seppur.2017.03.005

[8] J. Haslinger, S. Lindtner, J. Krampe, Operating costs and energy demand of wastewater treatment plants in Austria:
benchmarking results of the last 10 years, Water Science & Technology 74 (2016), 2620-2626. doi:
10.2166/wst.2016.390

[9] J. Serralta, J. Ribes, A. Seco, J. Ferrer, A supervisory control system for optimising nitrogen removal and aeration
energy consumption in wastewater treatment plants, Water Science & Technology 45 (2002), 309 — 316.

[10] H.H.P. Fang, T. Zhang, Anaerobic Biotechnology: Environmental Protection and Resource Recovery, Imperial
College Press (2015), ISBN: 978-1783267903

[11] D. Bolzonella, P. Pavan, P. Battistoni, F. Cecchi, The under sink garbage grinder: a friendly technology for the
environment, Environ. Technol. 24 (2003), 349-359.

[12] K. Kujawa-Roeleveld, G. Zeeman, Anaerobic treatment in decentralized and source-separation-based sanitation
concept, Rev. Environ. Sci. BioTechnol. 5 (2006), 115-139, doi:10.1007/s11157-005-5789-9

[13] J.B. Giménez, A. Robles, L. Carretero, F. Duran, M. V. Ruano, M.N. Gatti, J. Ribes, J. Ferrer, A. Seco,
Experimental study of the anaerobic urban wastewater treatment in a submerged hollow-fibre membrane bioreactor
at pilot scale, Bioresour. Technol. 102 (2011), 8799-8806, doi:10.1016/j.biortech.2011.07.014

[14] R. Pretel, P. Mofiino, A. Robles, M.V. Ruano, A. Seco, J. Ferrer, Economic and environmental sustainability of an
ANnMBR treating urban wastewater and organic fraction of municipal solid waste, J. Environ. Manage. 179 (2016),
83-92, doi: doi.org/10.1016/j.jenvman.2016.04.057

[15] P. Mofiino, D. Aguado, R. Barat, E. Jiménez, J.B. Giménez, A. Seco, J. Ferrer, A new strategy to maximize
organic matter valorization in municipalities: combination of urban wastewater with kitchen food waste and its

treatment with AnMBR technology, 62 (2017), 274-289, doi:doi.org/10.1016/j.wasman.2017.02.006

17



361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391

[16] P. Moifiino, E. Jiménez, R. Barat, D. Aguado, A. Seco, J. Ferrer, Potential use of the organic fraction of municipal
solid waste in anaerobic co-digestion with wastewater in submerged anaerobic membrane technology, Waste
Manag. 56 (2016), 158-165, doi:10.1016/j.wasman.2016.07.021

[171 APHA, American Public Health Association/American Water Works Association/Water Environmental Federation.
Standard methods for the Examination of Water and Wastewater, 22nd edition (2012), Washington DC, USA.

[18] J.B. Giménez, N. Marti, J. Ferrer, A. Seco, Methane recovery efficiency in a submerged anaerobic membrane
bioreactor (SANMBR) treating sulphate-rich urban wastewater: evaluation of methane losses with the effluent.
Bioresour. Technol. 118 (2012), 67-72, doi:10.1016/j.biortech.2012.05.019

[19] H. Ozgun, J.B. Gimenez, M.E. Ersahin, Y. Tao, H. Spanjers, J.B. van Lier, Impact of membrane addition for
effluent extraction on the performance and sludge characteristics of upflow anaerobic sludge blanket reactors
treating municipal wastewater, J. Memb. Sci. 479 (2015), 95-104, d0i:10.1016/j.memsci.2014.12.021

[20] J.G. Caporaso, C.L. Lauber, W. Walters, D. Berg-Lyons, C. Lozupone, P.J. Turnbaugh, N. Fierer, R. Knight,
Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample, Proc. Natl. Acad. Sci. U. S.
A. 108 Suppl (2011), 4516-22, doi:10.1073/pnas.1000080107

[21] E. Aronesty. Ea-utils : Command-line tools for processing biological sequencing data. Expr. Anal (2011). Durham.

[22] R. Schmieder, R. Edwards, Quality control and preprocessing of metagenomic datasets. Bioinformatics 27 (2011),
863-864, doi:10.1093/bioinformatics/btr026

[23] S. Kim, J. Bae, O. Choi, D. Ju, J. Lee, H. Sung, S. Park, B. Sang, Y. Um, A pilot scale two-stage anaerobic
digester treating food waste leachate (FWL): Performance and microbial structure analysis using pyrosequencing,
Process Biochemistry 49 (2014), 301-308, https://doi.org/10.1016/j.procbio.2013.10.022

[24] B.D. Ondov, N.H. Bergman, A.M. Phillippy, Interactive metagenomic visualization in a Web browser. BMC
Bioinformatics 12 (2011), 385. doi:10.1186/1471-2105-12-385

[25] R. Barat Baviera, J. Serralta Sevilla, MV. Ruano Garcia, E. Jiménez Douglas, J. Ribes Bertomeu, A. Seco
Torrecillas, J. Ferrer. Biological Nutrient Removal Model N° 2 (BNRM2): A general model for Wastewater
Treatment Plants. Water Science and Technology. 67 (2013), 1481-1489, doi: 10.2166/wst.2013.004.

[26] F. Duran Pinzon, Modelacion matematica del tratamiento anaerobio de aguas residuales urbanas incluyendo las
bacterias sulfatoreductoras. Aplicacion a un biorreactor de membranas anaerobias. PhD thesis (in Spanish).
Universitat Politécnica de Valéncia (2013), Valencia, Spain.

[27] S.J. Mcllroy, R.H. Kirkegaard, M.S. Dueholm, E. Fernando, S.M. Karst, M. Albertsen, P.H. Nielsen, Culture-
Independent Analyses Reveal Novel Anaerolineaceae as Abundant Primary Fermenters in Anaerobic Digesters

Treating Waste Activated Sludge, Front. Microbiol. 8 (2017), 1134, doi: 10.3389/fmicb.2017.01134

18



392
393
394
395
396
397
398
399
400
401

[28] J.-J. Godon, J. Moriniére, M. Moletta, M. Gaillac, V. Bru, J.-P. Delgénes, Rarity associated with specific
ecological niches in the bacterial world: the ‘Synergistes’ example. Environmental Microbiology, 7 (2005): 213-
224, doi:10.1111/j.1462-2920.2004.00693

[29] M. C. Nelson, M. Morrison, Z. Yu, A meta-analysis of the microbial diversity observed in anaerobic digesters,
Bioresour. Technol. 102 (2011), 3730-3739. doi: 10.1016/j.biortech.2010.11.119

[30] R. H. Kirkegaard, S. J. Mcllroy, J.M. Kristensen, M. Nierychlo, S.M. Karst, M.S. Dueholm, Identifying the
abundant and active microorganisms common to full-scale anaerobic digesters. bioRxiv (2017) doi: 10.1101/

104620

19



