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ABSTRACT

The materials removed in the oil separation units of wastewater treatment plants can be referred to as fat, oil and
grease (FOG) waste. FOG waste accumulation in treatment plants can cause clogging of pipes, production of
excessive scums and foams, and negatively affect air/liquid oxygen transfer.

While conventional disposal routes of this material can be limited by its water and organic content, FOG can
represent a source of bio-energy other than bio-diesel production. This research determined the chemical and
physical characteristics of FOG waste collected at four different wastewater treatment plants and defined the
potential for energy recovery via dark fermentation and anaerobic digestion as treatment options for final
disposal. The FOG samples featured markedly distinct physical aspects in connection with the oil separation
technologies: solid agglomerate with a high content of lipids from vortex-type separation and semi-solid
agglomerate with a low content of oils and fats from horizontal-flow chambers. All FOG waste presented high
potential for methane production with values ranging from 460 to 865 Nm>CH,4/tVS but low yields of biological
hydrogen via dark fermentation. This study addresses a knowledge gap in the scientific literature on the char-
acteristics of FOG waste from treatment plants and defines possible routes for sustainable management via bio-

energy recovery.

1. Introduction

Vegetable, animal and mineral lipids are present in municipal or
industrial wastewater both in liquid (oil) and semi-solid (grease) forms.
Uncontrolled discharge of fat, oil and grease (FOG) in sewer networks is
responsible for the accumulation of congealed agglomerates (i.e., fat-
bergs) leading to blockages and sewer overflows that are disruptive for
society and costly to repair for the water service companies (Yusuf et al.,
2024; Sultana et al., 2022; He et al., 2017). If discharged in surface water
bodies, FOG waste reduces oxygen transfer affecting aerobic life and
animals, creates anoxic zones leading to odour emissions or generating
unesthetic foamy areas and compromises the use of surface water for
recreational purposes (Wallace et al., 2017). Similarly, FOG causes
operational problems at wastewater treatment plants such as pipe
clogging, impacts on oxygen transfer efficiencies or the presence of
excessive foaming in settling and oxidation tanks (Pintor et al., 2016).

The problem of accumulation of FOG in sewer networks is exten-
sively discussed in the scientific literature with studies aiming to define

the formation mechanisms of FOG build-ups (Yusuf et al., 2023; lasmin
et al., 2016), FOG characteristics (Mohana et al., 2023) and remediation
strategies for sewer network applications (Baena et al., 2022; Gurd et al.,
2020). On the contrary, there is a lack of knowledge on the character-
istics of FOG removed at wastewater treatment plants and on the pos-
sibilities for its management and disposal.

In wastewater treatment plants, FOG waste is typically removed at
the head of the works, up front of the primary sedimentation tanks.
Removal processes are based on either gravity separation or air flotation
with oil separation units having different types of reactor configuration
(Pintor et al., 2016). In gravity separation units, FOG floats to the water
surface due to the lower specific weight and is generally removed by
surface scraping blades. In air flotation devices, the injection of small air
bubbles traps oils and fat particles and moves them upwards towards
calm flotation zones, from where they are removed (Romero-Giiiza
et al., 2022).

Only a few papers have been published so far with information on the
management of FOG waste specifically recovered from wastewater
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treatment plants. These research papers focused on estimating FOG
production (Collin et al., 2020), establishing FOG fate (Simion
Beldean-Galea et al., 2013) or assessing the effects of anaerobic diges-
tion of FOG waste collected at wastewater treatment works but in
co-digestion with sludge or organic waste (Alqaralleh et al., 2019;
Martin-Gonzalez et al., 2011). To the best of the authors’ knowledge, no
papers focused on the detailed characteristics of the FOG waste from oil
separation systems at wastewater treatment works and how these
technologies affect the FOG waste composition.

FOG waste from wastewater treatment plants can be used for bio-
diesel production, disposed to landfills, treated by thermal processes (e.
g., incineration, gasification or pyrolysis) or by biological processes (e.
g., composting or anaerobic digestion), but the actual routes of disposal
will depend on the FOG waste characteristics. The conversion of FOG
into biodiesel can advantage of the low cost of the substrate, its potential
wide availability and the absence of competition with edible oils but the
established production processes are not suitable for treating these types
of feedstocks due to the high free fatty acid and moisture contents
(Ahmed and Huddersman, 2022; Abomohra et al., 2020). The disposal of
FOG waste in landfills can be limited by regulations due to the content of
biodegradable organic substances (Cossu et al., 2017) while energy re-
covery by thermal treatments can be negatively affected by the moisture
content of this type of waste (Xiao et al., 2022; Bratina et al., 2017).
Conversely, the high content of biodegradable organic substances in
FOG waste makes this type of waste a good candidate for biological
treatments to either recover energy by anaerobic digestion or to exploit
its carbon and nutrient content via composting (Ansari et al., 2024;
Czekata et al., 2023).

FOG waste has been considered as a feedstock with the potential to
enhance biogas production in co-digestion with sewage sludge or
organic waste (Salama et al., 2019). Despite this potential, the addition
of lipid-rich substrates to anaerobic digestion can lead to the accumu-
lation of long-chain fatty acids and this can cause inhibition of acido-
genic and methanogenic activity (Szabo-Corbacho et al., 2024; Kurade
etal., 2020). Due to these risks, anaerobic digestion of FOG waste is only
considered for co-digestion, where legislations allow this practice, with
limited full-scale applications therefore co-digestion is an underutilised
disposal route (Nghiem et al., 2017).

The anaerobic co-digestion of FOG materials is investigated in sci-
entific literature by using pure fatty acids (Peces et al., 2020; Cavaleiro
et al., 2008) or FOG waste obtained from grease traps or fat condenser
tanks of food service establishments or meat treatment centres
(Berninghaus and Radniecki, 2022; Wang et al., 2020) or extracted lipid
from food waste leachate (Kang et al., 2021; Saha et al., 2018). These
later studies used FOG materials that are not fully representative of the
waste collected from oil-separation units at wastewater treatment
works, therefore this lack of knowledge hinders the definition of sus-
tainable solutions for the management of this type of waste.

This work aimed to determine the characteristics of FOG waste
collected at wastewater treatment plants and how these are affected by
the type of oil separation unit and to identify the potential for energy
recovery via biological anaerobic processes. The specific objectives were
to perform a detailed physical and chemical characterisation of FOG
samples from four different oil separation processes at full scale and to
establish the potential productions of biohydrogen and biomethane via
dark fermentation and anaerobic digestion batch tests, respectively. The
novelty of the research is its specific focus on FOG waste collected at
wastewater treatment plants with a detailed characterisation that ad-
dresses the lack of knowledge on this type of FOG material.

2. Materials and methods
2.1. Wastewater treatment plants and oil separation processes

FOG waste samples removed by oil separation units were collected
from four municipal wastewater treatment plants located in the Veneto
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Region, Italy. The technical characteristics of treatment facilities are
presented in Table 1. The flowsheets of all treatment facilities comprise
coarse and fine screening, oil separators and grit removal units, primary
sedimentation, biological treatment with activated sludge process for
organics and nitrogen removal using the modified Ludzack-Ettinger pre-
denitrification configuration (Henze et al., 2011) and secondary sedi-
mentation. Plants A and C have tertiary treatments for chemical phos-
phorus (P) removal and final effluent disinfection. Plant D has a final
polishing stage by constructed wetlands while Plant B has no P removal
or tertiary treatments. Plants A and B have onsite anaerobic digestion for
the treatment of sewage sludge.

FOG waste from Plant A is sent off-site for final disposal via incin-
eration while FOG waste from plants C and D is sent to composting fa-
cilities. Only in Plant B the FOG waste is co-digested with sewage sludge
in the on-site anaerobic digestion unit.

2.2. FOG waste characterisation

The samples collected from the four sites were characterised by the
following physical-chemical parameter: total solids (TS), volatile solids
(VS), total organic carbon (TOC), total Kjeldahl nitrogen (TKN), free and
saline ammonia (NHj), nitrate (NO3), sulphates (SO%’), total phos-
phorus (Pyy), oils and fats content, protein content, concentrations of
Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn and respirometry index at 4 days (RI).

TOC was obtained as the difference between the total carbon (TC)
and inorganic carbon (IC) of the samples. TC and IC were measured
using a TOC analyser (TOC-V CSN, Shimadzu). Organic nitrogen (Nog)
was obtained by the difference between the TKN and NHj. Oil and fat
content was measured by gravimetric determination of the products
from Soxhlet extraction using Hexane as solvent (AOAC, 2003). Protein
content was obtained by acid digestion followed by distillation and
titration with HCl. A factor of 6.25 was used to convert Nitrogen to
proteins (AOAC, 2003). Concentrations of Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn
were measured through acid digestion of samples and analysis using an
Inductively Coupled Plasma (ICP) analyser (OES Optima 4200, Perki-
nElmer). The respirometry index (RI4, mgO5/gTS) was measured as the
cumulative oxygen consumption after 4 days by using a Sapromat
apparatus (Sapromat E, Voith-Sulzer Papertechnology). All other pa-
rameters were measured according to standard methods (APHA, 1999).

Settling tests were carried out to evaluate whether settleable solids
were removed with FOG waste, considering that the oil separation
process takes place before primary sedimentation. Settling tests were
carried out in Imhoff cones, the samples were homogenised to a solid
concentration of 10 g TS/1 and the sedimentation period was 2 h (APHA,
1999).

2.3. Biochemical methane potential tests

These tests aimed to evaluate the methane (CHy4) production poten-
tial of the FOG waste samples. Tests were carried out in 1 L Pyrex batch
reactors, hermetically closed by means of silicon plugs to sample both

Table 1
Characteristics of the wastewater treatment plants from which the FOG waste
samples were collected and the type of oil separation unit installed.

Wastewater Plant size Wastewater Oil FOG waste

treatment (Population sources separation disposal

plant equivalent) unit

A 100,000 Residential Circular — Incineration
vortex

B 127,500 Residential/ Aerated Co-digestion

industrial longitudinal

C 40,500 Residential Aerated Composting
circular

D 50,000 Residential Aerated Composting
longitudinal
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gas and liquid during the anaerobic treatment. The total volume of
substrate, inoculum and tap water, was 500 ml in each reactor. All tests
were performed at a controlled temperature of 35 °C + 1 °C.

Tests were performed at a substrate concentration of 10 g VS/1. The
ratio between the volatile solids of the substrate and the volatile solids of
the inoculum (Food/Microorganisms - F/M) was 0.5 gVS/gVS. Tests
lasted 70 days. Granular sludge from a full-scale up-flow anaerobic
sludge blanket reactor of a brewery factory located in the Veneto Re-
gion, Italy, was used as inoculum. Inoculum had a TS content of 16% and
a VS content of 76%, referred to TS. These experimental conditions were
selected from published protocols (Holliger, 2016; Alibardi and Cossu,
2015; Angelidaki et al., 2009). Similarly, the activity and the extracel-
lular hydrolytic profile of the inoculum were tested as per established
protocols (Holliger, 2016; Angelidaki et al., 2009). The pH of the
digestion liquid and the quantity and quality of biogas were monitored
constantly. The biogas volume was measured by adopting the disloca-
tion method. The pressure produced in the reactor by the biogas pro-
duction process moved an equal quantity of liquid to a second bottle
filled with an acidified (pH < 3) and saline (NaCl 25%) solution to avoid
the dissolution of methane and carbon dioxide into the liquid. The
volume of the liquid moved, and, accordingly, the volume of biogas
produced, was measured with a graduated cylinder. The quality of the
biogas produced in terms of CH4 and carbon dioxide (CO2) percentages
in the reactors’ headspace was measured using a portable gas analyser
(LFG 20, Eco-Control) (Alibardi and Cossu, 2015).

Blank tests were also prepared as above but without substrate to
measure the quantity of methane produced only by the biomass and this
value was subtracted from test results to report net values.

All tests were carried out in triplicate.

2.4. Biochemical hydrogen potential tests

These tests aimed to evaluate hydrogen (Hy) production potential by
dark fermentation of the FOG waste. Tests were carried out similarly to
biochemical methane potential tests but with the following differences.
The inoculum was subjected to a thermal shock at 100 °C for 4 h to
inhibit the activity of methane-producing bacteria (Alibardi et al.,
2012). The substrate concentration analysed was 10 g VS/1 with a F/M
ratio of 0.5 gVS/gVS. These conditions were selected from published
protocols (Alibardi and Cossu, 2015; Giordano et al., 2011). Hy con-
centration in reactors’ headspace was monitored using a gas chro-
matograph (HP 5890) using a 30 m HP-MOLSIV capillary column and
nitrogen as carrier gas. CH4 and CO; concentrations were measured
using a portable gas analyser (LFG 20, Eco-Control) (Alibardi and Cossu,
2015).

2.5. Calculation of cumulative gas volumes and mathematical models

The volumes of CH4 and Hy produced between each measurement
were calculated using the following equation (Van Ginkel et al., 2005):

Vei=CcroVge+Vyo (CC,t — CC.t—l) (@)

Where:

Ve, is the volume of hydrogen or methane produced in the interval
between t and t-1.

Cci Ccr1 are hydrogen or methane concentrations measured at
times t and t-1.

Vg,t is the volume of biogas produced between time t and t-1.

Vpy is the volume of the headspace of reactors.

The total gas produced was therefore determined by adding the totals
of the single productions, calculated from the beginning of the test until
the end of the experiment. All CH4 and Hy volumes are reported at a
temperature of 0 °C and a pressure of 1 atm.

To compare the results obtained in the different tests, data were
interpolated using a Gompertz equation when dealing with a latency
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phase or a first-order kinetic equation in a situation of exponential
production.
The Gompertz equation (2) used is as follows:

P(t):Pmoexp{ —axp{RoeM]} 2
Pto[

where:

P(t) is the total volume of CH,4 or Hs produced at moment t;

Pyt is the maximum CHy4 or Hy yield.

R is the gas production rate.

4 is the latency phase.

e is Euler’s number.

The quantities P, R, and 1 were obtained by minimizing the square of
the difference between observed and calculated values, using Microsoft
Excel’s Solver function.

When no latency phase was detected, the first-order kinetic equation
(3) used was as follows:

P(t) =P o (1 —e7™) (3)

where:

P(t) is the volume of CH4 or Hy produced at time t.

Pyt is the maximum CHy4 or Hy yield.

k is the kinetic constant.

The parameters Ptot and k were estimated minimizing the square of
the difference between observed and calculated values using Microsoft
Excel’s Solver function.

3. Results and discussion
3.1. Characteristics of the materials collected

Samples were collected from four plants where FOG waste removal
was performed using different oil-separation systems to establish if the
removal process had an impact on FOG waste characteristics. Plant A
had a circular grit and grease removal unit equipped with a central
propeller to generate a vortex movement of the water. On the contrary,
the other plants used either circular or longitudinal tanks with air in-
jection from the bottom to make lipid-rich materials (oils and fats) float
by the uprising movement of the air bubble created (Table 1). These
technologies are the most common types of oil-separation systems
applied at wastewater treatment plants, and they often also remove
heavy suspended solids like sand and grit. This combined removal is
possible thanks to the different densities of FOG waste and sand/grit,
allowing their collections from separate parts of the reactors (typically
the top for FOG and bottom for sand/grit) and generating separate
streams for potential recovery (Czop et al., 2025).

The materials collected from the four sites were different in shape
and composition (Fig. 1). The sample collected from plant A was only
made of ball-shaped solid agglomerates of sizes varying from 1 to 5 cm
(Fig. 1A). The sample from plant B also contained ball-shaped agglom-
erates but of smaller sizes and more irregular shapes, and mixed with
fruit and vegetable peels, seeds, hair, paper and plastic materials
(Fig. 1B). On the contrary, samples C and D were both semi-solid ma-
terials similar to a thick sludge, brown or black, made of less identifiable
materials with no presence of ball-shaped agglomerates as for samples A
and B (Fig. 1C and D).

The shapes of sample A are similar to FOG balls collected at pumping
stations within sewer networks (Rizkianto et al., 2024; Collin et al.,
2020; Williams et al., 2012). Whilst produced in functionally different
process units (oil separation versus pumping station), the ball shape can
be induced by the vortex and centrifugal forces caused by propellers or
pumps. Ball-shaped FOG agglomerates were also reported in wastewater
treatment plants (Collin et al., 2020; Williams et al., 2012) but the exact
location of their collection was not specified and therefore it is not
possible to associate their production with oil separation units or other
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Fig. 1. Samples collected from the four wastewater treatment plants.

processes in the treatment works.

Sample A was characterised by the highest content of both TS and
lipids of the four samples with up to 70% of TS made of lipids either as
oils or fats. (Table 2). TOC content was also the highest among the four
samples while nitrogen and phosphorus contents were the lowest. This
indicates that the FOG balls are characterised by a high C/N ratio and
the high TOC content can be explained by the large presence of lipids,
organics that are characterised by a high content of C, and the small
presence of N and P is due to a limited content of proteins. Sample B had
a lipid content of 35%, which is lower than sample A, despite the
presence of FOG balls. The TKN and P contents were comparable for
samples A and B (Table 2). The TOC concentration for sample B was 63%
and the C/N ratio was 154 because of a low nitrogen content. Both
samples A and B had a respirometry index of 13 gO,/kgTS. The slow
biodegradability of these two samples can be attributed to the high
content of lipids, which are generally characterised by slow hydrolysis
rates (Holohan et al., 2022), and the high C/N ratios that can limit mi-
crobial growth and degradation thus leading to low oxygen demands
(Puyuelo et al., 2011).

On the contrary, samples C and D were characterised by a much
lower lipid content, if compared to A and B, in both cases around 10%.
TOC content was instead comparable with values between 53 and 57%.
Both samples C and D had higher TKN, N-NHJ and protein contents thus
lower C/N ratios of 13% and 31%, respectively. Biodegradability of
samples C and D was higher than samples A and B as the RI4 values were
151 and 92 mg0,/gTS, respectively.

The characteristics of sample A are similar to data reported for FOG
agglomerates from sewer networks (Hao et al., 2020) or FOG balls from
pumping stations or wastewater treatment works (Rizkianto et al., 2024;
Collin et al., 2020). These types of FOG waste are generally charac-
terised by low moisture and lipids contents between 50 and 90% of TS,
as for sample A.

Sample B has some characteristics similar to FOG materials such as
the high C/N ratios and the low content of P, but the lower content of
lipids, if compared to sample A, suggests that the oil-separation at plant
B removes also other materials reducing both the lipid content and the

Table 2
Chemical-physical characterization of materials collected from the oil separa-
tion units.

Parameters Unit of Wastewater Treatment Plant
measurement

A B C D

TS % 71+ 2 45+ 4 16 £+ 4 30+2

VS % TS 90 + 2 92 +2 81+2 86 + 2

R4 g 02/kg TS 13+5 13+ 4 151 £ 15 92 + 12

TOC % TS 69 + 2 63 +3 53+ 4 57 +3

TKN g N/kg TS 3.2+ 4.8 £ 41.6 + 19.2 +
0.3 0.3 0.8 0.5

N-NHj g N/kg TS 0.3+ 0.6 + 9.4+0.2 8.4 +
0.1 0.1 0.2

Norg g N/kg TS 2.6 3.5 31.7 9.7

Norg/TKN % 90 85 77 54

N-NO3 mg N/kg TS 8.3+ 8.4+ 24.0 + 16.7 +
2.2 2.1 2.3 1.5

C/N gC/gN 238 154 13 31

S0% g/kg TS 1.1+ 1.3+ 67+12 1.1+
0.4 0.5 0.8

Ptot g P/kg TS 1.4 + 1.0 + 10.5 + 2.6 +
0.5 0.3 1.1 0.5

Oils and % TS 70+ 5 35+3 8+2 11+2

Fats

Proteins % TS 2+1 3+1 26 +£2 12+ 2

Cd mg/kg TS <0.01 <0.01 <0.01 <0.01

Cr mg/kg TS 6.2 + 23.6 + 78+18 127+
2.1 4.3 3.1

Cu mg/kg TS 26.6 + 27.0 £ 162.4 + 71.4 £
3.9 4.5 135 8.0

Fe mg/kg TS 373 + 934 + 3123 + 3340 +
32 52 136 269

Mn mg/kg TS 7.8 £ 149 + 48.4 + 37.0 +
2.4 3.6 5.3 4.2

Ni mg/kg TS 34+ 4.7 + 13.5 + 9.0 +
1.2 1.4 2.6 2.4

Pb mg/kg TS 3.8+ 4.2+ 15.0 + 9.7 +
0.8 0.7 1.1 0.9

Zn mg/kg TS 125 + 78.4 £ 164.9 + 37.2 £
0.8 2.2 6.5 2.7
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biodegradability of the sample.

Samples C and D are both characterised by the lowest TS and lipid
contents (Table 2). Similarly, they are characterised by the lowest C/N
ratios due to a TOC content below 60% and TKN values of 41.6 and 19.2
gN/kgTS for samples C and D, respectively. The IR4 resulted in 151 and
92 g0y/kg TS for samples C and D, respectively, indicating the readily
biodegradability of these two samples. The low lipid concentrations of
8-11% together with the high moisture and nitrogen contents, if
compared to typical FOG materials, make samples C and D comparable
to sewage scum, primary scum or primary sludge (Rizkianto et al., 2024;
di Bitonto et al., 2020). This suggests that the aeration for the two
oil-separation units at plants C and D is excessive and removes large
quantities of sewage sludge reducing the lipid content of the FOG waste
and increasing the overall quantity of floated material.

The ash content measured in this study for all materials ranged from
8 to 19% (Table 2). These values are generally higher than those re-
ported in the literature for FOG, ranging from 1 to 10% (Collin et al.,
2020; Salama et al., 2019), suggesting that oil separation units located at
the head of the works collect more inert debris than what accumulates in
FOG agglomerates in the sewer networks, pumping stations or grease
traps.

The analysis of the settling characteristics (Fig. 2) confirmed the
observations obtained from the chemical composition of the four sam-
ples. Samples A and B featured a tendency to accumulate almost
completely on the surface with a near absence of settling materials
(volume index <10 mL/L after 2 h), indicating the presence of lipids and
other materials with lower density than water. On the contrary, the
majority of solids in samples C and D settled completely with volume
indexes of 150 mL/L and 90 mL/L after 2 h, respectively. This confirms
the removal of large quantities of settable solids by flotation from the oil-
separation units for plants C and D, which can be caused by an excess of
air addition or the use of chemical coagulants. Samples C and D are
characterised by the highest concentration of Fe (>3 g/kg TS, Table 2)
suggesting the use of salts of iron to induce particle aggregation and
enhance the effectiveness of flotation (Pintor et al., 2016).

These results indicate that the type of oil separation units located at
the head of wastewater treatment works and their operational condi-
tions affect the characteristics of FOG waste because those units can
collect materials other than lipids. The use of flotation for oil and grease
separation can remove settable solids, which are then extracted together
with FOG waste. This is confirmed by the low lipid concentrations and
high-volume indexes of samples C and D. On the contrary, if the flotation
effect due to aeration is absent, only solid agglomerates rich in FOG
waste are removed as for sample A. The configuration and operation
conditions of oil separation units (e.g., vortex or flotation, level of

Fig. 2. Sedimentation tests of the materials collected from the four wastewater
treatment plants.
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aeration, use of coagulants) can have a cascade effect on the treatment
works. Higher removal of materials other than FOG waste in the pre-
liminary treatments can reduce the solid and organic loads to the pri-
mary sedimentation or biological treatments, respectively. This can have
a positive effect in reducing the energy demand for aeration for bio-
logical treatments but can also have a negative effect in reducing the
availability of biodegradable carbon to sustain biological nutrient
removal or the diversion of carbon to value recovery (e.g., anaerobic
digestion) via primary sedimentation. Similarly, the variable charac-
teristics of FOG waste can hinder the recoverability of lipids for other
uses (e.g., biodiesel production) thus reducing the value of these mate-
rials and increasing the costs for final disposal.

3.2. Biochemical methane and hydrogen potentials

The highest potential for methane recovery via anaerobic digestion
was measured for sample A (Table 3, Fig. 3). The methane yield obtained
after 70 days of digestion was 865 Nm®/tVS with a projected maximum
recovery of 936 Nm>/tVS from the interpolation of the experimental
data with the Gompertz equation (2). The latter value is in the range
reported for the theoretical methane potential production of lipids, up to
1000 Nm3/t VS (Holohan et al., 2022), thus confirming that sample A is
constituted mainly of oils and fats. The cumulative methane production
showed a typical S-shaped curve with a value of the modelled latency
phase A of 7 days (Table 3). The high methane production potential is
aligned with data for other types of FOG waste (Collin et al., 2020) and is
due to the high concentration of lipids in sample A. The high C/N ratio of
the sample had no effects on the microbial degradation due to the low
F/M ratio of the test. The latency phase resulting from the fitting of the
data with the Gomperts equation can be associated with the slow hy-
drolysis rate for lipids, if compared to other organics. No inhibition of
the process due to the accumulation of fatty acids (Szabo-Corbacho
et al., 2024) was recorded and the pH in the reactor remained stable
within acceptable values for the anaerobic microorganism (6<pH < 8).

Sample B also showed an S-shaped cumulative methane production
curve that was fitted with the Gompertz equation (2), but the methane
potential production resulted in almost half of that of sample A. Sample
B had also a longer modelled latency phase A of almost 12 days, if
compared to sample A. The lower methane potential can be attributed to
the lower lipids content and the longer latency phase can be due to the
presence of complex organics (e.g., fibres, peelings) that reduced the
overall biodegradability of the sample.

Samples C and D had comparable behaviours during the digestion
test for methane production with cumulative production following first-
order kinetics for both samples (Fig. 3C and D) and a lack of any latency
phase. This suggests the presence of rapidly biodegradable materials in
these two samples which is typical for primary sludge collected during
sedimentation (Sakaveli et al., 2021). The methane yields of samples C
and D are also similar to values obtained from sewage scum, which is a
waste rich in lipids and is collected from the top surface of primary

Table 3

Methane (CHy) yield and methane content of biogas from experimental test after
70 days and maximum CH, yield from modelling. R and A are the gas production
rate and latency phase from the Gompertz equation (2), respectively. k is the
kinetic constant for the first-order kinetic equation (3).

Parameter Unit of A B C D
measurement

Experimental CHy Nm®/t VS 865 + 460 + 624 + 642 +
yield 32 16 26 33

CH4 content in the % (V/v) 72 71 71 70
biogas

Modelled CH, yield Nm®/t VS 936 626 708 688

R ml/d 19.26 8.8 - -

A d 7.1 11.6 - -

k 1/d - - 0.03 0.04
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Fig. 3. Cumulative methane production from the four materials. Dots represent the experimental data with error bars representing the standard deviation.

Continuous lines represent the result.

sedimentation (Aromolaran et al., 2023).

The kinetics of the methane production that were observed in this
study, can be associated with the nature of the samples and their
physical and chemical characteristics. Sample A is the richest in lipids
content that is characterised by the highest theoretical methane poten-
tial, but hydrolysis of lipids is relatively slow if compared to carbohy-
drates and proteins thus leading to the presence of a latency phase.
Sample B showed the longer latency phase with 11 days (Table 3) and
the lowest cumulative methane production. This can still be explained
by the presence of lipids in the sample that influenced the low degrad-
ability of the organics. Samples C and D had no latency phase, and this
indicates a larger presence of readily biodegradable organics which is
also confirmed by the high values of Rl4.

Contrary to methane potentials, biological hydrogen production
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O
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Time (d)

Fig. 4. Experimental specific cumulative hydrogen production from the
four materials.

yields were extremely low in all samples (Fig. 4). The highest value for
specific production was obtained by the A sample (2.4 Nm3/t VS) whilst
the lowest was registered for B (1.7 Nm®/t VS). Samples B and C ob-
tained similar results, corresponding to 2.1 Nm>/t VS and 2.0 Nm>/t VS,
respectively.

The results obtained for biological hydrogen production from FOG
waste from wastewater treatment plants are similar to those reported for
solid organic waste fractions that are rich in lipids or proteins. Food
waste fractions such as cheese, meat and fish are in fact reported to have
biological hydrogen production yields between 0.8 and 5 Nm®/t VS
(Alibardi and Cossu, 2015, 2016).

The results from this study indicate that FOG waste collected from oil
separation units at wastewater treatment plants are substrates that can
be exploited for methane generation at anaerobic digestion plants. The
mono-digestion of these types of substrates is not feasible due to the
small proportion of FOG waste recovered from wastewater treatment
plants, if compared to the production of primary and secondary sludge
(Collin et al., 2020). The option that can be considered is anaerobic
co-digestion with sludge where on-site digestion facilities are available,
to avoid the need for storage and transport of FOG waste to other fa-
cilities. The methane yields that were observed in this study can boost
the overall biogas production from the digestion of sewage sludge,
similar to what was observed in the co-digestion of sewage sludge with
lipid-rich materials from grease traps or sewer networks (Hao et al.,
2020; Salama et al., 2019). This can increase the energy recovery from
wastewater treatment plants thus reducing emissions and enhancing the
revenue for the sale of a renewable energy source such as biomethane.
The addition of this type of FOG waste to an anaerobic digester needs to
consider the lipid content of the waste and maintain the ratio of lipids
with other solids below 30% to avoid the risk of organic overload or the
risk of generating an excessive production of long-chain fatty acids
(Szabo-Corbacho et al., 2024; Long et al., 2012). Similarly, the
over-addition of lipid-rich material to anaerobic digestion can generate
foams on top of the liquid level in the digesters that can limit the biogas
transfer from the liquid to the gaseous phase and reduce recoverability
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(Diamantis et al., 2021; Salama et al., 2019).

Another aspect that needs consideration is the nature of the FOG
waste. Materials rich in solid aggregates like samples A and B, necessi-
tate pre-treatments to reduce their sizes, maximise the contact surface
for bacterial degradation and avoid the occlusion of pumping systems
and pipes. This can represent an additional cost to upgrade the AD fa-
cility to process this type of waste (FOG balls) that might not be returned
from the increase in biogas production (Diamantis et al., 2021). On the
contrary, materials similar to samples C and D that have a physical
nature similar to sludge and are also characterised by a limited con-
centration of lipids, do not represent a risk for anaerobic digestion.

Fermentation of FOG waste from wastewater treatment plants is not
a suitable solution given the limited hydrogen yields that these types of
materials produce. An increase in hydrogen yields can be obtained by
biomass adaptation with repeated batch cycles at increasing FOG loads
(Saha et al., 2018) but the possibility of translating this procedure to
continuous fermentation reactors and the effective retention of the
adapted biomass in the reactors is still unclear. Despite the low hydrogen
yields confirmed by this study, FOG waste can be considered as a po-
tential feedstock if the focus of the fermentation process is the genera-
tion of short-chain fatty acids to sustain the biological nutrient removal
(BNR) at wastewater treatment plants. Fermentation of FOG waste was
reported to generable quantities of acetic, propionic and valeric acids in
the range of 10-30% of the total acids produced, comparable to those
obtained from food waste or primary sludge samples (Mahmoud et al.,
2022). The practice of FOG fermentation or co-fermentation to sustain
BNR can represent an alternative utilisation route for this type of waste
that can avoid practical and regulatory limitations of co-digestion, but
the investigations remain currently limited.

4. Conclusions

This study demonstrated the variability of the physical and chemical
characteristics of the material removed from the oil separation unit of
wastewater treatment plants. Such variability is affected by the type and
operation of the separation unit and has consequences on the possible
recovery or disposal options for these materials. FOG waste achieved
high methane yields, that were directly proportional to the content of
lipids, but the actual exploitation of this potential is possible in co-
digestion with other substrates, where this practice is supported by
legislation. The content of lipids affected hydrolysis kinetics with longer
latency phases observed at higher lipids contents. FOG waste did not
prove to be suitable for hydrogen production via dark fermentation,
irrespective of its lipids content. The detailed characterisation of FOG
waste presented in this study informs the definition of the most sus-
tainable management and disposal routes for this type of lipid-rich
material that is generally removed and collected at any wastewater
treatment plant but is currently scarcely investigated in the literature.
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