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Abstract: Incorporation of various alternative resources as co-digestion substrates aids to reduce the
consumption of agricultural crops for biogas production. However, the efficiency and limitations
of these co-substrates is still not fully understood. Use of biomass waste remaining after enzymatic
hydrolysis for high value chemical fermentation, meat processing and dairy wastewater primary
sludge as co-substrates in an agricultural resource anaerobic digestion plant is tackled within this
study. The results showed that anionic surfactants (<200 ppm) can be used to improve fat, oil and
grease (FOG) solubility in water and, at the same time, enhance the biomethane potential of FOG-
containing sludge by increasing it from 1374.5 to 1765 mLCH,/gVS for meat processing wastewater
primary sludge, and from 534 to 740 mLCH,/gVS for dairy wastewater primary sludge, when
agricultural digestate is used as a substrate and sludge loading is not more than 10% from the volatile
solids loaded. At the same time, only 549.7 mLCH,4/gVS was produced as 30-day BMP when 5%
biomass hydrolysis waste was used. Biomass hydrolysis waste co-digestion with primary sludge
from dairy and meat processing wastewaters has an antigenic effect, and separate substrate anaerobic
digestion gave a better results, thus, showing that excessive combination of various waste resources
can be inhibitory for biogas production and the appropriate substrate selection and combination is a
technical challenge for the biogas industry.

Keywords: anaerobic co-digestion; primary sludge; FOG; biodegradable surfactants; enzymatic
hydrolysis waste

1. Introduction

The limited reserves of fossil fuels, increased pricing and sustainability concerns
have evolved into an intense surge for alternative resources and advanced technologies
to produce energy. EU Green Deal targets [1] together with the European Union (EU)
Renewable Energy Directive 2018/2001 [2] facilitate the use of inedible materials such as
waste biomass, straw, sewage sludge, animal fats and used cooking oil. The regulation
also supports the role of biogas and biomethane in providing renewable heat and power
and recognizes the need to integrate “low-carbon gases”, including biomethane, in existing
natural gas grids [3]. Anaerobic digestion (AD) is a proven technology for biomass reduc-
tion and recycling. One of the principal feedstocks is wastewater sludge and other organic
and nutrient-rich sludge. One possible way of maximizing the prospects of anaerobic
digestion of different secondary substrates is to employ anaerobic co-digestion: a process
of adding supplemental high-strength organic substrates, such as food waste and fat, oil
and grease (FOG)-containing waste to an anaerobic digestion system to augment biogas
production. Anaerobic co-digestion has received significant attention in recent years [4,5]
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because of the growing desire of wastewater treatment plants to become energy neutral,
and private AD stations tending to search for degradable material to replace energy crop
use, coupled with increasing concerns and strict regulations against organic waste land-
fill [6,7]. This research is looking into the processual challenges of a co-digestion approach
for secondary substrates, such as biomass enzymatic hydrolysis waste (BHW) and high-
strength substrate—FOG from the food production industry, when biodegradable anionic
surfactants are used as process enhancers. The findings of this study delve into probable
future waste-to-resource challenges by outlining the potential technical boundaries for
BWH anaerobic digestion and ways to boost the technological potential of this material by
merging it with already available biomethane substrate flows that are derived from food
production waste.

1.1. Meat and Dairy Wastewater Sludge

For every kilogram of dairy products, 2 to 4 L of water are consumed, and 0.5 to
20.5 L of wastewater are created, depending on the composition and variety of the final
products [8,9]. The amount of wastewater generated in meat production is more dependent
on the product type and factory specialization. Animal slaughtering, washing, and cutting
meat, meat quality control, and processing meat into various products such as sausages or
packed meat are all part of the meat processing process, and wastewater is generated in
all these steps [10]. Poultry production units are reported to require, on average, 11.5 L of
freshwater per animal, while the water requirement for beef production units is around
1325 L per animal and is mostly needed for washing [11].

Meat processing wastewater (MPWW) and dairy wastewater (DWW) mainly contains
biogenic pollution in high concentrations, which increases their chemical oxygen demand
(COD), total nitrogen (TN), total phosphorus (TP) and total suspended solid (TSS) param-
eters (Table 1) [12]. To remove the dissolved pollution from the wastewater, prior to the
activated sludge process, numerous pre-treatment technologies have been proposed.

Table 1. Indicative MPWW and DWW chemical parameters comparison before treatment. Adopted
from Asgharnejad et al. [12].

Meat Production Wastewater

Parameter Dairy Wastewater
Beef Poultry Pork

COD, mg/L 4220 950 4310 2131
BOD, mg/L 1209 400 - 1536

TN, mg/L 427 80 275 273

P - - - 60
TSS, mg/L 1164 240 1240 -
FOG, g/L 0.120 0.125 0.2-2.88 [13]

The dissolved air flotation (DAF) system can reduce chemical oxygen demand, nitro-
gen, phosphorus, and grease (FOG) by 70%, 55%, 70%, and 85%, respectively, in large-scale
slaughterhouse wastewater applications [14]. Sedimentation with an energy consumption
of 0.05-0.30 kWh/m?3 is more economically favourable; however, it has been frequently
noted that sedimentation in grease traps cannot achieve the required separation due to the
high FOG concentration [14]. DAF systems are also used in the dairy industry, showing
similar effectiveness [15]. FOG, along with the other contaminants, stays in the MPWW
DAF sludge, which can be treated later in the AD process due to it is high volatile solid
and fat content. Primary sludge from both industries contains a high quantity of dry solids
(DS) and volatile solids (VS) which have to be extracted from the wastewater stream in
the primary treatment process (Table 2). The volume of DAF sludge generated ranges
from 1% to 3% of the overall volume of the wastewater effluent, with the actual volume
of the DAF sludge dependent on the effectiveness of the DAF treatment system utilised
in the specific meat processing plant [16]. In comparison to secondary sludge, primary
sludge includes more biodegradable organic material, hence anaerobic digestion (AD) is
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projected to be more efficient in terms of energy capacity and total methane output [17].
On the other hand, primary sludge and DAF sludge, which are rich with high fat content,
can be used as an anaerobic co-substrate. Anaerobic digestion of high-lipid wastes has
been linked to acetoclastic and methanogenic bacteria inhibition, substrate and product
transport limitations, sludge floating, digester foaming, pipe and pump obstructions and
clogging of gas collecting and handling systems [18]. Therefore, the use of this type of
sludge as an AD co-substrate must be handled with precautions.

Table 2. Comparison of DWW and MPWW DAF sludge chemical content.

P ; DWW DAF Primary Sludge MPWW DAF Primary Sludge
arameter
Literature Value [19] This Study * Literature Value [16] This Study *
Dry mater (DM)% of Wt. 259 11.96 91.37 53.67 £+ 0.81
OM (% of DM) 46.9 9.52 69 53.63 £ 0.93
pH 7.2 7.4 8.23 72401
TN (g/kg) 19.5 X n/a X
TP (g/kg) 65.9 X n/a X
TC (total carbon) (g/kg) 24.3 X 45.58 (dry basis) X
Lipid content (wt% dry sludge) X X 12.98 X
n-Hexane extractable « 1421 N 8230 + 3.76

substances (Wt% of DM)

* The data represents the average values from dairy wastewater primary sludge (DWW) and meat processing
wastewater primary sludge (MPWW) sample triplicates used in this study.

1.2. Biomass Waste after Enzymatic Hydrolysis

Lately, lignocellulosic biomass from various waste streams has become a highly valued
feedstock for fuel production. Particularly in the EU, which has set targets for advanced
biofuel and biogas production from alternative feedstocks to reach at least 3.5% in 2030 [2].
Despite the wide global abundance and reported 8-20 x 10° tons of agricultural waste
annually that is suitable for biofuel production, technological limitations and production
costs still restrict the full use of this resource [20]. Biofuel production from lignocellulosic
substrate typically includes pre-treatment, biological /chemical hydrolysis, fermentation
of cellulose/hemicellulose monomers and product recovery from the fermentation broth
(Figure 1). Each of these steps has been extensively researched. Similarly, AD of cellulose,
hemicellulose and protein is widely investigated and understood. At the same time, aerobic
and anaerobic digestion or separation of lignin compounds remains unclear.

ENZYMES ——

MICROORGANISMS EXCESS MICROBIAL

BIOMASS

PRODUCT

Figure 1. Biomass feedstock biological conversion process scheme with input and output of bio-
based products.
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Lignins have been generally classified into softwood lignin, hardwood lignin and
grass lignin based on the chemical structure of their monomer units. The composition
of guaiacyl (G), syringyl (S) and p-hydroxyphenypropane (H) units produce cereal straw
lignin or grass lignin (GSH-lignin or Gramineae lignin from grasses), which are known to
be different from those of softwood (G-lignin), or hardwood (GS-lignin) and compression
wood (GH-lignin) lignin [21]. Furthermore, GSH-lignins contain ester-linked ferulic and
p-coumaric acids which also occur linked to polysaccharides and may act as cross-links
between lignin and carbohydrate in the plant cell wall, thus, making them more accept-
able for biological degradation. Aerobic degradation (also as a pre-treatment for AD) is
mostly attributed to Actinomycetes and white rot fungi, where the first showed higher
biodegradation properties of non-wood lignin than wood lignin [22]. Alternatively, some
anaerobic bacterial species, for example, Clostridium sp. And Methanoculleus sp. [23,24], can
break down lignin molecules under anaerobic conditions, thus, excluding the need for an
individual pre-treatment system in AD technology. Examples of lignin degrading species
Acetoanaerobium sp. [25], Rhodococcus justice [26], and Sporomusa sp. [27], have been reported
but exact lignin AD mechanisms are still unclear.

To avoid the need for lengthy biological conversion, the AD process can be coupled
with fuel production from biomass by using process waste (Figure 1) in anaerobic co-
digestion. The waste material still contains non-hydrolysed carbohydrates and partially
degraded lignin structures, especially if originating from biological hydrolysis with enzyme
complexes from lignin-degrading fungi [28].

1.3. Fats, Oils and Grease Anaerobic Digestion

In recent years vast amount of research has been performed to study FOG-containing
substrate co-digestion together with secondary wastewater treatment sludge in wastewater
treatment facilities [29,30]. To some extent, this is related to the high amount of FOG in
the primary sludge produced in the primary settling units [31]. At the same time, limited
information is available on FOG-rich sludge and skimming co-digestion potential with
agricultural substrates, such as corn and green mass silage and agricultural wastes that are
regarded as alternative feedstocks for AD.

FOG is considered to be a desirable substrate to enhance biomethane production
through co-digestion as it has been reported to increase the methane yield by
250-350% [32,33] in activated sludge AD. Furthermore, it has a larger theoretical biomethane
production potential (1 m3/CHy kg~!) than carbohydrate (0.42 m m3/CH, kg!) or protein
(0.63 m3®/CHy kg~') [7,34]. The physicochemical properties of FOG vary widely based on
the types of fat, oil and grease used, as well as their source [35]. FOG mainly consists of
triglycerides, which are first hydrolysed into glycerol, and long chain fatty acids (LCFA)
that consist mostly of 1424 carbon atoms. LCFA degradation into short chain fatty acids
(SCFA), acetate, H, and biomethane occurs via a 3 oxidation process [36]. In anaerobic
systems, the suppression of methanogens by LCFAs is a serious operational issue, especially
when the digesters are fed with waste with a high lipid content. The accumulation of LCFAs
alters the cellular shape, reduces cell permeability and has an impact on mass transfer [37].
Inoculum acclimatization with FOG can cause the microbiological consortia shift by mainly
increasing the phyla Firmicutes, Bacteroidetes, Proteobacteria and Thermotogae [38]. Further-
more, several syntrophic Firmicutes bacteria have been found to digest SCFAs such as acetic
and butyric acids by hydrolysing diverse substrates. Acetic acid is a well-known main
substrate for acetoclastic methanogenesis, which is then converted into methane [39].

FOG-rich substrate addition to an AD system with activated sludge is possible, show-
ing no inhibitory effect at up to 60% of the VS loaded; although there are experiences
when process inhibition starts when FOG is added at more than 40% of the total VS loaded.
Meanwhile FOG biomethane potential varies from 280 to 680 mL CHy/gVS added for the
best performing FOG concentration used in these studies [18].

AD process stability might be harmed by a higher FOG concentration due to probable
LCFA suppression, which could result in a digestion failure due to the digester acidifica-
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tion [40]. One of the most abundant LCFAs in nature is oleic acid. It is the main component
of vegetable oils and animal fat [41]. Oleic acid is characterized by its low density and
non-solubility in water [42]. Thus, elevated FOG substrate quantities in the AD system
can cause, not only the chemical inhibition aspects, but also physical aspects such as mass
transfer [33], when the FOG substrate is not well mixed into the digestate matrix, by staying
in clumps. As a result, disintegration time and volume become unknown, therefore it is
much harder to sustain a precise co-substrate dosing into a continuous AD process. To
enhance the FOG digestion, lipase-based enzymes [33] or digestive juices such as bovine
bile [43] can be used as well as different surface-active substances (SAS) that can emulsify
and disintegrate sludge and FOG floccules [33] to optimize the mass transfer.

1.4. Surfactant Influence on the AD Process

Surfactant, as an amphipathic material, can improve hydrolysis efficiency by sepa-
rating big sludge and releasing the encapsulated hydrolase, allowing for more substance
to be available for future acidogenesis [44]. Following that, the main product—SCFA—is
created. Surfactant has been shown to impact SCFA transformation previously [45], where
acidification products were altered by stimulating variations in microbial activity and the
carbon-to-nitrogen (C/N) ratio, particularly the ratio of acetic and propionic acid, which was
used for either nutrient removal, methane production or polyhydroxyalkanoate synthesis.

The processes of surfactant-induced facilitated hydrolysis may be summarized in
two aspects: sludge component disintegration and enzyme activity enhancement. The
sludge blocks are distributed and dispersed into the media matrix, and the hydrolase from
the sludge is released, increasing the efficiency of the hydrolysis process [46]. However,
since enzymes and extracellular polymer substances interact electrostatically, complexes of
extracellular polymer substance-enzyme aggregates are formed, trapping enzymes in the
substrate and, thus, increasing the enzymatic hydrolysis [47,48]. In this way, suitable sur-
factant addition can solve both mass transfer problems, along with the LCFA accumulation
problems, by increasing hydrolytic enzyme activity.

2. Materials and Methods
2.1. Substrate and Inoculum Analyses

All substrates and inoculum used for AD tests were evaluated prior for total dissolved
solids and volatile organic solids. These were determined using a gravimetrical method
with drying and burning the sample at 105 °C for 12 h (or until constant mass) and 550 °C
for 5 h (or until constant mass), respectively [49].

Fat, oil and grease content was analysed using the n-hexane extraction and gravimet-
rical method [50] since the method covers almost all type of nonpolar compounds found
in primary sludge and it can be used both for MPWW-DAE- and DWW-DAF-type sludge
without modification. By using this method, it is also possible to extract the unfavourable
compounds, despite none of the extraction methods offering high selectivity for only the
triglycerides found in FOG [51]; therefore, it can be said that the n-hexane extractable
substance (HES) concentration in primary sludge is representing the FOG concentration.

DWW DAF samples have been collected from a dairy processing company (located in
Latvia, turnover around 15,000,000 EUR/year) that is producing a wide range of products:
skimmed milk, yogurts, ice-cream, different types of cheese and butter. The wastewater
capacity is up to 250 m>/day and before entering into biological treatment, wastewaters
are treated in a DAF unit with coagulant and polymer addition—polymer concentration in
sludge can vary from 100 to 500 ppm.

MPWW primary sludge, generated both form primary grease trap sludge and a DAF
sludge mixture (MPWW DAF), was collected from a meat processing company operating its
own slaughterhouse and producing a wide range of raw meat products, as well as smoked
and marinated products (located in Latvia, annual turnover of 20,000,000 EUR/year). The
dominant component in MPWW DAF is grease trap sludge. The plant wastewater capacity
is around 70 m3/day.
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Biomass hydrolysis waste was collected from a pilot-scale enzymatic hydrolysis
unit (30 L) after hay (collected from semi-natural grasslands in Latvia, dry weight (DW):
92.8% =+ 1.3%; 6.02% ash, particle size < 0.5 cm) enzymatic hydrolysis and dissolved carbo-
hydrate removal [52].

General chemical characteristics of used substrates are represented in Figure 2.

B WV |
DWW DAF Sludge |15
MPWW DAF sludge |

0 10 20 30 40 50 60 70 80 90 100

MPWW DAF sludge = DWW DAF Sludge BHW
B Water 46.33 88.04 87.15
M Volatile solids 9.45 7.8 12.57
FOG (HES) 44.18 1.72 0
Ash 0.1 2.44 0.28
B Water M Volatile solids FOG (HES) Ash

Figure 2. Chemical characteristics of substrates used in AD experiments (concentration represented
inw/w%).

2.2. Biomethane Potential Determination

Since no standardized biomethane potential (BMP) determination technique is avail-
able [53], the protocol was adjusted by selecting the most suitable measurement and
incubation equipment, as well as substrate inoculum loading rate and inoculum type. The
BMP test was carried out in a batch-type BMP test system constructed within a laboratory
(Figure 3). An Anaero Technology 15 Channel automated gas flowmeter and a RITTER
MilliGascounter single channel gas flow meter were used to measure the biogas output
from each batch reactor separately. To neutralize any existing CO, and measure just the
methane content, the biogas was cleaned with 3M NaOH before measurements [54].

Figure 3. Batch BMP test system with an incubator capable of maintaining temperatures between
25 and 60 °C, orbital shaker (Ohaus-HEAVY DUTY ORBITAL SHAKERS) that provides a rotating
orbital of 2 cm and a maximum rotation speed of 500 RPM.
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A pre-filtered (2 mm aluminium screen) digestate from an agricultural biogas plant
that is using corn silage as a main substrate was used as an inoculum for all samples
prepared. Before each fermentation, new digestate was taken from the biogas station and
post-fermented in a closed jar for 10 days at room temperature. TS and VS, as well as
FOS/TAC values, were determined on a regular basis. TS and VS content varied between
46.6-52.8 g/kg and 30.3-32.9 g/kg, respectively, but FOS/TAC values were between 0.12
and 0.18, which is an optimal value for the discarded digestate [54].

Each sample was prepared in a 1 L tight-sealed glass reactor with a maximum loading
coefficient of 0.5 in order to maintain better mixing in the reactor. During the experimental
phase, 6 replicates for AD were performed; therefore, the inoculum BMP is changing for
each experiment performed and the BMP value is represented in Table 3 along with the
substrate loading.

Table 3. AD sample loading and sample ID for all experiments performed. DWW DAF—dairy
wastewater dissolved air flotation; MPWW DAF—meat processing wastewater dissolved air flotation;
BHW—biomass hydrolysis waste; SAS—surface active substance. Table shows the reference BMP
values for the inoculum used in each repetition.

VS Total Inoculum GEHL DWW DAF MPWW Substrate
Sample ID Loaded, VS, (2VS/ke) (eVS/k ’) Sludge, DAF Sludge, SAS, ppm BMP,
(g/kg) P BYSRE BYSEE (gVSikg) (gVS/kg) mLCH4/gVS
BHW 2.5% 34.9 34 0.9 X X X 39.8
BHW 5% 35.7 34 1.7 X X X 39.8
BHW 7% 34.6 32.3 2.3 X X X 106.1
BHW 13% 36.5 32.3 4.2 X X X 106.1
DWW DAF 10% 34.0 324 X 1.6 X X 94.8
DWW DAF 20% 35.6 324 X 3.2 X X 94.8
DWW DAF 30% 37.3 324 X 49 X X 94.8
DWW DAF 40% 37.9 324 X 5.5 X X 94.8
MPWW DAF 10% 30.3 27.5 X X 2.75 X 524
MPWW DAF 20% 33.0 27.5 X X 55 X 52.4
MPWW DAF 30% 35.8 27.5 X X 8.3 X 524
DWW DAF
10%/0.1% SAS 33.4 30.3 X 3.03 X 100 80.5
DWW DAF
10%,/0.2% SAS 33.5 30.3 X 3.03 X 200 80.5
DWW DAF 10% 33.3 30.3 X 3.03 X X 80.5
MPWW DAF
10%,/0.2% SAS 448 40.6 X 41 X 100 61.5
MPWW DAF
10%/0.4% SAS 44.9 40.6 X 41 X 200 61.5
MPWW DAF 10% 447 40.6 X 41 X X 61.5
DWW DAF
10%/BHW 33.1 29.3 0.7 2.9 X 200 106.3
2.5%/SAS 0.2%
DWW DAF
10%/BHW 33.9 29.3 15 2.9 X 200 106.3
5%/SAS 0.2%
MPWW DAF
10%/BHW 38.5 34.0 0.9 X 3.4 200 39.8
2.5%/SAS 0.2%
MPWW DAF
10%/BHW 39.3 34.0 1.7 X 3.4 200 39.8
5.0%/SAS 0.2%

The samples with added FOG where homogenized by adding proteo-lipid with an
alkali chain-based anionic surfactant (Happyfish Ltd., Riga, Latvia). According to the
surfactant manufacturer, this active substance easily degrades SAS with LCsy value of
350 mg/L (Daphnia Magna). Before adding the FOG substrate to the full media volume, it
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was mixed with SAS and an amount of inoculum and homogenized for 1 min using a hand
blender in order to form a stable emulsion.

2.3. Statistical Analyses

For data analysis and statistical comparison MS 365 Excel ¢-test (two tailed distribution)
and ANOVA single parameter tools were used.

3. Results and Discussion
3.1. Selected Substrate BMP and Organic Loading

In order to understand the substrate co-digestion potential, first it is important to
evaluate the substrate loading rates and biomethane potential separately. The study with
BHW anaerobic digestion using activated sludge digestate as the inoculum showed that
the BHW substrate becomes toxic if the loading is higher than 2.5% from the VS inoculum
loaded, or 0.4 gVS/kg [55]. This is almost two times lower than the unprocessed agricultural
substrate loading due to the lower activated sludge digestate inoculum VS content. More
BHW substrate can be loaded in AD using agricultural digestate as the inoculum, but the
substrate toxicity effect is present when substrate loading concentration are increasing to
5% from the loaded inoculum VS (Figure 4). Digestion with a 2.5% load has a higher AD
velocity and, on average, 5-15% more BMP is obtained from day 3 to day 25 in comparison
to the 5% sample. Although the 30-day average BMP value for both samples reach the same
value of 549 mLCHy,4/gVS, studies with activated sludge digestate as the inoculum and
2.5% BHW demonstrated significantly lower biomethane potential-378 mLCH,/gVS [55].
It is probably the more adapted bacterial consortia in the agricultural digestate containing
a higher amount of Acetoanaerobium spp. [25], Rhodococcus justice [26], Sporomusa sp. [27],
Clostridium sp. and Methanoculleus sp. [23,24], which are able to use the lignin biomass
leftovers in the BHW more efficiently than consortia from the activated sludge digestate.
Thus, 2.5% was selected for further co-digestion tests.

1 3 5 7 9 1 13 15 17 19 21 23 25 27 29

——BHW 7% —8—BHW 13% Days
—A—BHW 5.0% —6—BHW 2.5%

Figure 4. Cumulative methane outcome in 30 days for biomass hydrolysis waste digestion in different
VS load from inoculum VS.

The increase in BHW substrate concentration in the AD resulted in the decrease in
biogas potential to 473 and 210 mLCH,4/gVS for 7% and 13% BHW, respectively.

Similar inhibition is seen with the sample that has 30% FOG loaded from the inoculum
VS. In the beginning of the fermentation, the BMP value drops below zero, showing that
batches with only the inoculum loaded had generated more biomethane than the 30% FOG
sample (Figure 5). The AD with 30% FOG is highly inhibited until day 23 and, afterwards,
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Cumulative methane production

a rapid increase in the methane production occurs and continues until day 30, when the
experiment was stopped. At 845 mLCH,/gVS BMP, the stationary phase was still not
achieved; however, it should be noted that a decrease would follow in the later days.
In general, the biogas industry is interested in producing as much biomethane from the
biomass unit as possible but, at the same time, the hydraulic retention time is crucial to
achieve a stable and economical production; therefore, co-substrates with a high retention
time are not favourable for the industrial AD process.

1100

900
<l 700
_
U 500

300

100

—100

3 5 7 9 11 13 15 17 19 21 23 25 27 29
Davys

--O3-- DWWDAF40% --$¢-- DWWDAF30% --A-- DWWDAF20% ---©-- DWW DAF 10% '

—8— MPWW DAF 10% —&— NMPWW DAF 20% —A— MPWW DAF 30%

Figure 5. Meat and dairy processing wastewater FOG cumulative biomethane outcome in 30 days
with different sludge loads from inoculum VS.

FOG-containing substrates such as grease trap waste from wastewater treatment
plants have been added to the AD process in different concentrations, from 30 to 60%
from the VS total, and have shown different BMP potential 344-681 mLCH,/gVS [18],
respectively. However, there is a lack of information about FOG-containing grease trap
waste co-digestion in agricultural biogas stations or the maximum possible FOG loading
rate under these conditions. The FOG substrate loading rate for the un-adopted inoculum
is a very important factor due to the fact that it can cause the LCFA and SCFA concentration
to increase and inhibit the methanogenesis process [56]. The AD process inhibition with
agricultural digestate and different FOG-containing substrate load levels was also observed
in this study (Figure 5).

The assessment of DWW DAF as a co-digestate showed that the inoculum substrate’s
toxic effect appears when the total inoculum VS exceeds 10%. The 30-day BMP value
of 691 mLCH,/gVS was obtained. At the same time, the DWW DAF substrate load of
20 and 30% from the inoculum VS is showing almost the same BMP value of 597 and
593 mLCH,/gVS, respectively. This is, on average, 14% lower than for the 10% loading.
The BMP value is decreasing even more when DWW DAF is increased to 40%, producing
only 510 mLCH,/gVS (26% less than the best performing concentration) (Figure 5).

The same inhibition pattern is also seen with MPWW DAF anaerobic digestion when
the substrate concentration is more than 10% from the inoculum VS loaded, using the same
type of inoculum. Although, in this case the total BMP outcome from two-times higher
FOG load is showing 1077 mLCHy/gVS, but the sample with a 10% load is reaching only
978 mLCHy4/gVS. Even though the BMP value for sample with a 10% FOG load is lower,
the AD velocity for this sample is higher and the cumulative BMP curve is reaching the
plateau after 12 days, while the sample with 20% loading reached it after 20 days, indicating
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that the bacterial consortia present in the reactor had difficulty turning all the hydrolysis
products into biomethane.

3.2. Surface Active Substance Influence on Selected Substrate BMP

Agricultural biogas stations can benefit from the FOG-containing substrates in co-
digestion due to both an increase in the biomethane outcome, but also having no negative
effect on the digestate dewaterability [57]. To act towards the minimization of the inhibitory
effects on BMP, an anionic surfactant (100 and 200 ppm from the final mass) was added to
the FOG anaerobic digestion samples using agricultural digestate as the inoculum. These
surfactant concentrations have been chosen from the preliminary experiment results with
FOG emulsification efficiency in water, as well as the results from the experiments with
biodegradable surfactant influence on BHW [55].

Anionic, linear, readily biodegradable surfactants, such as sodium dodecyl sulphate,
maintains the inhibitory effect on the AD process [58], but biologically derived surfactants,
such as those found in bovine bile, show a favourable effect for the FOG substrate AD [43].
Within this study, FOG pre-treatment was performed with a biodegradable anionic sur-
factant, where the active substance is a proteo-lipid with alkali chains based on natural
fatty acids. The results showed an increase in the BMP potential of MPWW DAF sludge
from 1374.5 to 1765 mLCH,4/gVS (with 10% FOG and 200 ppm surfactants), as well as
the surfactant showing a favourable effect already, at 100 ppm concentration (Figure 6), if
compared to the non-treated sample. The BMP potential increase after 200 ppm or 100 ppm
SAS addition reached a 10% and 22% increase, respectively. At the same time, the in-
crease in BMP for DWW DAF sludge is even higher and, for the same used concentrations,
reached 27% and 30% enrichment, respectively. Simultaneously, surfactant addition is not
increasing the AD velocity, leaving it approximately the same for both sludge types used.
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Figure 6. MPWW DAF sludge substrate and DWW DAF sludge substrate 30-day cumulative BMP
value with anionic surfactant effect.

Anionic surfactant positive effect on the AD process cannot be directly linked to the
HES amount added to the system, since MPWW DAF sludge contains around 82% HES
from the total VS, while DWW DAF sludge only contains around 18% of (Figure 2). This
positive effect has also been detected in the preliminary studies where the same surfactant
showed a favourable effect for the BHW substrate AD [55]. Although the BMP values
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were detected in different experimental set-ups, there is a clear beneficial influence on the
addition of a biodegradable anionic surfactant to the AD. Still, studies related to in-depth
understanding of the mechanisms are needed.

3.3. BHW and FOG-Containing Primary Sludge Co-Digestion with SAS Addition

BHW co-digestion with a FOG-containing substrate has an antigenic effect in the AD
system with agricultural digestate inoculum. Cumulative BMP development (Figure 7)
shows an optimal fermentation pattern without an extended AD lag phase for both the
AD system with MPWW DAF sludge and BHW, and DWW DAF sludge and BHW with
200 ppm SAS addition, and it is reaching their BMP curve plateau starting from day 13
and day 19, respectively. This is similar to what has been observed in FOG digestion in
the presence of SAS (Figure 6). Traces of the BHW substrate toxic effect is also present
in the sludge and co-digestion system, because the 30-day BMP value for 2.5% BHW
addition from the inoculum VS is 12% higher and reaches 534 mLCH,/gVS for DWW
DAF sludge co-digestion, and 22% higher (reaching 740 mLCHy/gVS) for MPWW DAF
substrate co-digestion, compared to the 5% BHW addition.

5 7 9 11 13 15 17 19 21 23 25 27 29

Days

--A-- DWW DAF 10%/BHW 2.5%/SAS 0.2% --B-- DWW DAF 10%/BHW 5.0%/SAS 0.2%

—o— MPWW DAF 10%/BHW 2.5%/SAS 0.2% —&— MPWW DAF 10%/BHW 5.0%/SAS 0.2%

Figure 7. Meat production wastewater (MPWW) DAF sludge together with biomass hydrolysis waste
(BHW) co-digestion with anionic surfactant, and dairy wastewater (DWW) DAF sludge with biomass
hydrolysis waste (BHW) co-digestion with anionic surfactant 30-day cumulative BMP.

A combination of MPWW DAF and DWW DAF with BHW substrate compositions
are, in general, showing lower BMP values when compared to other experimental setups.
To some extent, this can be explained by the fact that it is hard to directly compare different
experimental sets (new inoculum was taken every time) and the exact bacterial consortia
changes have not been determined, as well as the inoculum BMP varying from 39 to
103 mLCHy/gVS. Nevertheless, it cannot be rejected that FOG-containing sludge and BHW
substrate co-digestion has a more or less alginic effect on the AD process than its use
as a separate co-substrate. One of the reasons might be the unfavourable C/N ration
or the lignin and lignocellulose hydrolysis product accumulation that disturbs further
acetogenesis and methanogenesis processes.

BWH is a new substrate for the AD industry with the potential to grow in volume as a
side product from upstream processes. Little is known about this substrate digestion and
co-digestion possibilities to fully use its BMP; therefore, more research is needed to gain
this knowledge and provide it to the industry to incorporate BHW into a circular economy.
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Still, there is a need for research to evaluate potential co-digestion substrates, but also BWH
pre-treatment and pre-digestion strategies and techniques. These findings may then be
used to uncover concerns related to waste management and recycling.

3.4. BMP Outcome from Substrate Digestion and Co-Digestion and the Influence on
Biomethane Release

Substrate BMP potential is one of the main parameters which describes the substrate
industrial potential [53], and provides data about the biomethane release velocity and
notes when 75% of the 30-day BMP is generated. FOG-containing wastewater treatment
DAF sludge has shown that it has higher biomethane potential when compared to the
BHW (Table 4). The highest BMP of 5% BHW loading from the total VS was 549.7 &+
25.1 mLCH,4/gVS. At the same time, the best FOG-containing wastewater treatment DAF
sludge dosing produced 690.7 & 54.8 and 979.9 & 37.3 for 10% VS load from total VS for
DWW DAF and MPWW DAF, respectively, without SAS addition. SAS addition further
increased the wastewater treatment DAF sludge BMP value from 10-30%, depending on
the wastewater treatment DAF sludge type used in the experiments.

Table 4. Sample BMP potential and biomethane release velocity and inoculum from agricultural
biogas station BMP when supplemented with meat production wastewater (MPWW) DAF sludge,
together with biomass hydrolysis waste (BHW) co-digestion with anionic surfactant and dairy
wastewater (DWW) DAF sludge with BHW.

Sample ID Inoculum BMP, mLCH,4/gVS  Sample BMP, mLCH,4/gVS  75% BMP Output, Days
BHW 13% 39.8 £1.8 4732 £58 15
BHW 7% 39.8 £ 1.8 2102 £25.1 10
BHW 5% 106.1 £ 5.3 549.7 £25.1 8
BHW 2.5% 106.1 £ 2.3 549 £42.7 4
DWW DAF 40% 94.8 +£4.8 510.0 £ 30.2 19
DWW DAF 30% 94.8 +£4.8 593.1 £48.5 18
DWW DAF 20% 94.8 £ 4.8 5974 £19.2 15
DWW DAF 10% 94.8 +£4.8 690.7 + 54.8 14
MPWW DAF 30% 524 +£5.3 834.7 £25.8 28
MPWW DAF 20% 524 £53 1077.1 £ 45.0 18
MPWW DAF 10% 524 +53 9799 £37.3 10
DWW DAF 10% VS 0.1% SAS 80.5+ 34 607.2 +£12.4 21
DWW DAF 10% VS 0.2% SAS 80.5+ 34 629.4 +10.2 21
DWW DAF 10% 80.5+ 34 4408 £ 61.7 19
MPWW DAF 10% VS + SAS 0.1% 61.5+2.1 1531.1 £50.2 12
MPWW DAF 10% VS + SAS 0.2% 61.5+2.1 1764.9 £ 55.4 14
MPWW DAF 10% 61.5+2.1 1374.5 £ 47.6 15
DWW DAF 10%/BHW 2.5%/SAS 0.2% 106.3 + 4.2 534.3 £25.8 15
DWW DAF 10%/BHW 5.0%/SAS 0.2% 106.3 + 4.2 470.7 £ 6.2 16
MPWW DAF 10%/BHW 2.5%/SAS 0.2% 39.8 £ 1.8 739.5 +22.8 10
MPWW DAF 10%/BHW 5.0%/SAS 0.2% 39.8 £1.8 574.3 £50.2 9

The produced substrate co-digestion systems have not shown the expected increase
in BMP, although the tested FOS/TAC values after 30 days of fermentation were not
higher than 0.3, showing that the system has not been suffering from organic overload.
The produced co-digestion systems demonstrated 70% and 15% lower BMP values when
compared to the best performing MPWW DAF and DWW DAF biomethane potential
values with SAS as process enhancers, respectively.

The fastest degrading substrate was BHW with the loading of 2.5% or less from the
total loaded VS. In this case, 75% from 30-day BMP was generated within 4 days. Higher
degradation times are shown by more complex substrates such as FOG-containing sludge,
then 75% of 30-day BMP is produced in 10 or 14 days for DWW DAF and MPWW DAF,
respectively (Table 4). In general, the outcome of this study demonstrates the possible use
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and combination of various food production waste, with agricultural waste as substrates in
co-digestion with agricultural digestate.

4. Conclusions

Anionic surfactant addition to the AD system, using agricultural digestate as the
inoculum, is leaving a positive effect on meat production wastewater DAF sludge and
dairy wastewater DAF sludge BMP values, increasing those by 22% and 30%, respectively.
At the same time, the biodegradable anionic surface-active substance beneficial effect on
different FOG-containing sludges is not linked to the HES concentration added to the AD.

Co-digestion with biomass hydrolysis waste was shown to be effective only at loadings
below 5%. The 30-day average BMP value of 549 mLCH,/gVS can be obtained for both
2.5% and 5% BHW. Supplementation with SAS and FOG increased the BMP for 25% and
5%, respectively. Nevertheless, BHW co-digestion with FOG-containing sludge produced
an antigenic effect, and individual substrate AD at optimum loading will produce higher
methane yields.

Substrates used for co-digestion must be strongly evaluated with respect to the avail-
able AD inoculum. All substrates used in this study demonstrated a decrease in biomethane
velocity when the substrate concentration was increased, and it seems the SAS addition
did not have a significant influence on this parameter. Thus, the evaluation of co-digestion
on the biomethane generation velocity is complicated due to the changing impact of each
selected substrate parameter.

Author Contributions: Conceptualization, writing, and data analysis, E.K.; formal analysis, and
data collection, E.S.; writing, validation, and project administration, L.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by ERDF project No. 1.1.1.1./18/A /075 “Zero-to-low-waste
technology for simultaneous production of liquid biofuel and biogas from biomass”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  European Commission. European Green Deal. Available online: https://ec.europa.eu/clima/eu-action/european-green-deal_en
(accessed on 9 May 2022).

2. European Commission. Directive (EU). 2018/2001 on the promotion of the use of energy from renewable sources. Off. J. Eur. Union
2018, 5, 82-209.

3. European Commission. Delegated Regulation Amending Delegated Regulation (EU) 2021/2139 as Regards Economic Activities in Certain
Energy Sectors and Delegated Regulation (EU) 2021/2178 as Regards Specific Public Disclosures for Those Economic Activities, C/2022/0631
Final; European Commission: Brussels, Belgium, 2022.

4. Nghiem, L.D.; Koch, K; Bolzonella, D.; Drewes, ].E. Full scale co-digestion of wastewater sludge and food waste: Bottlenecks and
possibilities. Renew. Sustain. Energy Rev. 2017, 72, 354-362. [CrossRef]

5. Mata-Alvarez, J.; Dosta, J.; Romero-Giiiza, M.S.; Fonoll, X.; Peces, M.; Astals, S. A critical review on anaerobic co-digestion
achievements between 2010 and 2013. Renew. Sustain. Energy Rev. 2014, 36, 412-427. [CrossRef]

6. Kamperidou, V,; Terzopoulou, P. Anaerobic Digestion of Lignocellulosic Waste Materials. Sustainability 2021, 13, 12810. [CrossRef]

7. Xu, E;Li Y; Ge, X; Yang, L.; Li, Y. Anaerobic digestion of food waste-Challenges and opportunities. Bioresour. Technol. 2018,
247,1047-1058. [CrossRef] [PubMed]

8.  Palhares, ].C.P,; Pezzopane, ]. R. M. Water footprint accounting and scarcity indicators of conventional and organic dairy production
systems. J. Clean. Prod. 2015, 93, 299-307. [CrossRef]

9. Ridoutt, B.; Williams, S.; Baud, S.; Fraval, S.; Marks, N. The water footprint of dairy products: Case study involving skim milk
powder. J. Dairy Sci. 2010, 93, 5114-5117. [CrossRef]

10. Robinson, RK. Encyclopedia of Food Microbiology, 2nd ed.; Bat, K., Patel, P., Eds.; Academic Press: Cambridge, MA, USA, 2014.

11. Ziara, R. Water and Energy Use and Wastewater Production in a Beef Packing Plant. Master’s Thesis, University of Nebraska—

Lincoln, Lincoln, NE, USA, 2021.


https://ec.europa.eu/clima/eu-action/european-green-deal_en
http://doi.org/10.1016/j.rser.2017.01.062
http://doi.org/10.1016/j.rser.2014.04.039
http://doi.org/10.3390/su132212810
http://doi.org/10.1016/j.biortech.2017.09.020
http://www.ncbi.nlm.nih.gov/pubmed/28965912
http://doi.org/10.1016/j.jclepro.2015.01.035
http://doi.org/10.3168/jds.2010-3546

Energies 2022, 15, 4333 14 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Asgharnejad, H.; Nazloo, E.K.; Larijani, M.M.; Hajinajaf, N.; Rashidi, H. Comprehensive review of water management and
wastewater treatment in food processing industries in the framework of water-food-environment nexus. Compr. Rev. Food Sci.
Food Saf. 2021, 20, 4779-4815. [CrossRef]

Kolev, S.A. Dairy Wastewaters—General Characteristics and Treatment Possibilities—A Review. Food Technol. Biotechnol. 2017,
55,14-28.

Rosenwinkel, K.H.; Haun, U.A.; Koster, S.; Beier, M. Taschenbuch der Industrieabwasserreinigung, 2nd ed.; Vulkan Verlag GmbH:
Essen, Germany, 2020.

Couto, H.].B.; Melo, M.V.; Massarani, G. Treatment of milk industry effluent by dissolved air flotation. Brazilian ]. Chem. Eng.
2004, 21, 83-91. [CrossRef]

Okoro, O.V,; Sun, Z.; Birch, J. Meat processing dissolved air flotation sludge as a potential biodiesel feedstock in New Zealand: A
predictive analysis of the biodiesel product properties. J. Clean. Prod. 2014, 168, 1436-1447. [CrossRef]

Sakaveli, F.; Petala, M.; Tsiridis, V.; Darakas, E. Enhanced Mesophilic Anaerobic Digestion of Primary Sewage Sludge. Water 2021,
13, 348. [CrossRef]

Long, J].H.; Aziz, TN.; Reyes, FL.; Ducoste, J.]. Anaerobic co-digestion of fat, oil, and grease (FOG): A review of gas production
and process limitations. Process Saf. Environ. Prot. 2012, 90, 231-245. [CrossRef]

Shi, W.; Healy, M.G.; Ashekuzzaman, S.M.; Daly, K.; Leahy, ].].; Fenton, O. Dairy processing sludge and co-products: A review of
present and future re-use pathways in agriculture. J. Clean. Prod. 2021, 314, 128035. [CrossRef]

Basile, A.; Dalena, F. Second and Third Generation of Feedstocks: The Evolution of Biofuels, 1st ed.; Elsevier: Amsterdam, The
Netherlands, 2019; pp. 1-619.

Xu, F. Structure, Ultrastructure, and Chemical Composition. In Cereal Straw as a Resource for Sustainable Biomaterials and Biofuels;
Elsevier: Amsterdam, The Netherlands, 2010; pp. 9-47.

McCarthy, A.J.; MacDonald, M.J.; Paterson, A.; Broda, P. Degradation of [14C] Lignin-labelled Wheat Lignocellulose by White-rot
Fungi. Microbiology 1984, 130, 1023-1030. [CrossRef]

Mechichi, T.; Patel, B.K.; Sayadi, S. Anaerobic degradation of methoxylated aromatic compounds by Clostridium methoxyben-
zovorans and a nitrate-reducing bacterium Thauera sp. strain Cin3,4. Int. Biodeterior. Biodegrad. 2005, 56, 224-230. [CrossRef]
Wu, Y.R; He, J. Characterization of anaerobic consortia coupled lignin depolymerization with biomethane generation. Bioresour.
Technol. 2013, 139, 5-12. [CrossRef]

Duan, J.; Huo, X.; Du, WJ,; Liang, ].D.; Wang, D.Q.; Yang, S.C. Biodegradation of kraft lignin by a newly isolated anaerobic
bacterial strain, Acetoanaerobium sp. WJDL-Y2. Lett. Appl. Microbiol. 2016, 62, 55-62. [CrossRef]

Ahmad, M,; Roberts, ].N.; Hardiman, E.M.; Singh, R.; Eltis, L.D.; Bugg, T.D. Identification of DypB from Rhodococcus jostii RHA1
as a lignin peroxidase. Biochemistry 2011, 50, 5096-5107. [CrossRef]

Woo, H.L.; Ballor, N.R.; Hazen, T.C.; Fortney, J.L.; Simmons, B.; Davenport, K.; DeAngelis, K.M. Complete genome sequence of
the lignin-degrading bacterium Klebsiella sp. strain BRL6-2. Stand. Genom. Sci. 2014, 9, 19. [CrossRef]

Mezule, L.; Civzele, A. Bioprospecting White-Rot Basidiomycete Irpex lacteus for Improved Extraction of Lignocellulose-
Degrading Enzymes and Their Further Application. . Fungi 2020, 6, 256. [CrossRef] [PubMed]

Hao, J.; Reyes, EL.; He, X. Fat, o0il, and grease (FOG) deposits yield higher methane than FOG in anaerobic co-digestion with
waste activated sludge. J. Environ. Manag. 2020, 268, 110708. [CrossRef] [PubMed]

Razaviarani, V.; Buchanan, I.D.; Malik, S.; Katalambula, H. Pilot-scale anaerobic co-digestion of municipal wastewater sludge
with restaurant grease trap waste. J. Environ. Manag. 2013, 123, 26-33. [CrossRef] [PubMed]

Klaucans, E.; Sams, K. Problems with Fat, Oil, and Grease (FOG) in Food Industry Wastewaters and Recovered FOG Recycling
Methods Using Anaerobic Co-Digestion: A Short Review. Key Eng. Mater. 2018, 762, 61-68. [CrossRef]

Ziels, RM.; Karlsson, A.; Beck, D.A.C.; Ejlertsson, J.; Yekta, S.S.; Bjorn, A.; Svensson, B.H. Microbial community adaptation
influences long-chain fatty acid conversion during anaerobic codigestion of fats, oils, and grease with municipal sludge. Water Res.
2016, 103, 372-382. [CrossRef] [PubMed]

Donoso-Bravo, A.; Fdz-Polanco, M. Anaerobic co-digestion of sewage sludge and grease trap: Assessment of enzyme addition.
Process Biochem. 2013, 48, 936-940. [CrossRef]

Jeganathan, J.; Nakhla, G.; Bassi, A. Long-term performance of high-rate anaerobic reactors for the treatment of oily wastewater.
Environ. Sci. Technol. 2006, 40, 6466—6472. [CrossRef]

Salama, E.S.; Saha, S.; Kurade, M.B.; Dev, S.; Chang, S.W.; Jeon, B.H. Recent trends in anaerobic co-digestion: Fat, oil, and grease
(FOG) for enhanced biomethanation. Prog. Energy Combust. Sci. 2019, 70, 22—-42. [CrossRef]

Kabouris, J.C.; Tezel, U.; Pavlostathis, S.G.; Engelman, M.; Todd, A.C.; Gillette, R.A. The Anaerobic Biodegradability of Municipal
Sludge and Fat, Oil, and Grease at Mesophilic Conditions. Water Environ. Res. 2008, 80, 212-221. [CrossRef]

Palatsi, J.; Laureni, M.; Andrés, M.; Flotats, X.; Nielsen, H.; Angelidaki, I. Strategies for recovering inhibition caused by long chain
fatty acids on anaerobic thermophilic biogas reactors. Bioresour. Technol. 2009, 100, 4588-4596. [CrossRef]

Kurade, M.B.; Saha, S.; Rae Kim, J.; Roh, H.S.; Jeon, B.H. Microbial community acclimatization for enhancement in the methane
productivity of anaerobic co-digestion of fats, oil, and grease. Bioresour. Technol. 2019, 296, 122294. [CrossRef] [PubMed]

Yi, J.; Dong, B.; Jin, J.; Dai, X. Effect of Increasing Total Solids Contents on Anaerobic Digestion of Food Waste under Mesophilic
Conditions: Performance and Microbial Characteristics Analysis. PLoS ONE 2014, 9, e102548. [CrossRef] [PubMed]


http://doi.org/10.1111/1541-4337.12782
http://doi.org/10.1590/S0104-66322004000100009
http://doi.org/10.1016/j.jclepro.2017.09.128
http://doi.org/10.3390/w13030348
http://doi.org/10.1016/j.psep.2011.10.001
http://doi.org/10.1016/j.jclepro.2021.128035
http://doi.org/10.1099/00221287-130-5-1023
http://doi.org/10.1016/j.ibiod.2005.09.001
http://doi.org/10.1016/j.biortech.2013.03.103
http://doi.org/10.1111/lam.12508
http://doi.org/10.1021/bi101892z
http://doi.org/10.1186/1944-3277-9-19
http://doi.org/10.3390/jof6040256
http://www.ncbi.nlm.nih.gov/pubmed/33138112
http://doi.org/10.1016/j.jenvman.2020.110708
http://www.ncbi.nlm.nih.gov/pubmed/32510442
http://doi.org/10.1016/j.jenvman.2013.03.021
http://www.ncbi.nlm.nih.gov/pubmed/23583789
http://doi.org/10.4028/www.scientific.net/KEM.762.61
http://doi.org/10.1016/j.watres.2016.07.043
http://www.ncbi.nlm.nih.gov/pubmed/27486949
http://doi.org/10.1016/j.procbio.2013.04.005
http://doi.org/10.1021/es061071m
http://doi.org/10.1016/j.pecs.2018.08.002
http://doi.org/10.2175/106143007X220699
http://doi.org/10.1016/j.biortech.2009.04.046
http://doi.org/10.1016/j.biortech.2019.122294
http://www.ncbi.nlm.nih.gov/pubmed/31677410
http://doi.org/10.1371/journal.pone.0102548
http://www.ncbi.nlm.nih.gov/pubmed/25051352

Energies 2022, 15, 4333 15 of 15

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Wan, C.; Zhou, Q.; Fu, G.; Li, Y. Semi-continuous anaerobic co-digestion of thickened waste activated sludge and fat, oil and
grease. Waste Manag. 2011, 31, 1752-1758. [CrossRef] [PubMed]

Sousa, D.Z.; Smidt, H.; Alves, M.M.; Stams, A.].M. Ecophysiology of syntrophic communities that degrade saturated and
unsaturated long-chain fatty acids. FEMS Microbiol. Ecol. 2009, 68, 257-272. [CrossRef]

Yalkowky, S.H.Y.; Jain, P. Handbook of Aqueous Solubility Data; CRC Press: Boca Raton, FL, USA; Taylor & Francis Group: Abingdon,
UK, 2016; p. 820.

Harris, PW.; Schmidt, T.; McCabe, B.K. Bovine bile as a bio-surfactant pre-treatment option for anaerobic digestion of high-fat
cattle slaughterhouse waste. J. Environ. Chem. Eng. 2018, 6, 444—450. [CrossRef]

Garavand, F; Jalai-Jivan, M.; Assadpour, E.; Jafari, S.M. Encapsulation of phenolic compounds within nano/microemulsion
systems: A review. Food Chem 2021, 1, 130376. [CrossRef]

He, Q.; Xu, P; Zhang, C.; Zeng, G.; Liu, Z.; Wang, D.; Duan, A. Influence of surfactants on anaerobic digestion of waste activated
sludge: Acid and methane production and pollution removal. Crit. Rev. Biotechnol. 2019, 39, 746-757. [CrossRef]

Yuan, Q.; Sparling, R.; Oleszkiewicz, J.A. VFA generation from waste activated sludge: Effect of temperature and mixing.
Chemosphere 2011, 82, 603-607. [CrossRef]

Guan, R.; Yuan, X.; Wu, Z.; Wang, H.; Jiang, L.; Li, Y.; Zeng, G. Functionality of surfactants in waste-activated sludge treatment: A
review. Sci. Total Environ. 2017, 609, 1433-1442. [CrossRef]

Cadoret, A.; Conrad, A.; Block, J.C. Availability of low and high molecular weight substrates to extracellular enzymes in whole
and dispersed activated sludges. Enzym. Microb. Technol. 2002, 31, 179-186. [CrossRef]

Andole, O.H.; Lei, Z.; Zhang, Z.; Raude, J.; Kanali, K. Optimization of Biogas Production in Dry Anaerobic Digestion of Swine
Manure by the Use of Alkalinity Index to Monitor a Prototype Cylindrical Digester. Sustain. Energy 2017, 5, 32-37. [CrossRef]
U.S. Environmental Protection Agency Office of Water (4303T). Method 1664, Revision B: n-Hexane Extractable Material (HEM; Oil
and Grease) and Silica Gel Treated n-Hexane Extractable Material (SGT-HEM; Non-Polar Material) by Extraction and Gravimetry; U.S.
Environmental Protection Agency Office of Water: Washington, DC, USA, 2010.

Gurd, C,; Jefferson, B.; Villa, R.; Rodriguez, C.C. Determination of fats, oils and greases in food service establishment wastewater
using a modification of the Gerber method. Water Environ. J. 2018, 34, 5-13. [CrossRef]

Weerasuriya Arachchige, A.R.P.P,; Mezule, L.; Juhna, T. Separation of reducing sugars from lignocellulosic hydrolysate: Membrane
experiments & systemdynamic modelling. Agron. Res. 2020, 18, 1099-1106.

Jingura, R.M.; Kamusoko, R. Methods for determination of biomethane potential of feedstocks: A review. Biofuel Res. J. 2017,
14, 573-586. [CrossRef]

Lili, M.; Bir6, G.; Sulyok, E.; Peti, M.; Borbély, ].; Tamas, ]. Novel approach on the bassis of FOS/TAC method. In Proceedings of the
International Symposium “Risk Factors for Environment and Food Safety “&” Natural Resources and Sustainable Development
“&” 50 Years of Agriculture Research in Oradea”, Oradea, Romania, 4-5 November 2011; pp. 802-807.

Skripsts, E.; Mezule, L.; Klaucans, E.; Romanovska, E. Enhancing enzymatically treated hay substrate biomethane potential using
biodegradable surfactants. Eng. Rural. Dev. 2021, 20, 863-871.

Kim, S.H.; Han, S.K; Shin, H.S. Kinetics of LCFA Inhibition on Acetoclastic Methanogenesis, Propionate Degradation and
3-Oxidation. . Environ. Sci. Health Part A 2004, 39, 1025-1037. [CrossRef]

Sosa, O.; Schauer, P. Effect of Fat, Oil and Grease (FOG) on digested sludge dewaterability. In Proceedings of the 93rd Water
Environment Federation Technical Exhibition and Conference 2020, WEFTEC, New Orleans, LA, USA, 3-7 October 2020;
pp. 1500-1513.

Zhu, K.; Zhang, L.; Mu, L.; Ma, J.; Li, C,; Li, A. Anaerobic digestion of surfactant and lipid co-existing organic waste: Focusing on
the antagonistic enhancement. Chem. Eng. J. 2019, 371, 96-106. [CrossRef]


http://doi.org/10.1016/j.wasman.2011.03.025
http://www.ncbi.nlm.nih.gov/pubmed/21546236
http://doi.org/10.1111/j.1574-6941.2009.00680.x
http://doi.org/10.1016/j.jece.2017.12.034
http://doi.org/10.1016/j.foodchem.2021.130376
http://doi.org/10.1080/07388551.2018.1530635
http://doi.org/10.1016/j.chemosphere.2010.10.084
http://doi.org/10.1016/j.scitotenv.2017.07.189
http://doi.org/10.1016/S0141-0229(02)00097-2
http://doi.org/10.12691/rse-5-1-5
http://doi.org/10.1111/wej.12431
http://doi.org/10.18331/BRJ2017.4.2.3
http://doi.org/10.1081/ESE-120028411
http://doi.org/10.1016/j.cej.2019.04.033

	Introduction 
	Meat and Dairy Wastewater Sludge 
	Biomass Waste after Enzymatic Hydrolysis 
	Fats, Oils and Grease Anaerobic Digestion 
	Surfactant Influence on the AD Process 

	Materials and Methods 
	Substrate and Inoculum Analyses 
	Biomethane Potential Determination 
	Statistical Analyses 

	Results and Discussion 
	Selected Substrate BMP and Organic Loading 
	Surface Active Substance Influence on Selected Substrate BMP 
	BHW and FOG-Containing Primary Sludge Co-Digestion with SAS Addition 
	BMP Outcome from Substrate Digestion and Co-Digestion and the Influence on Biomethane Release 

	Conclusions 
	References

