DOI: 10.2478/eces-2026-0007 ECOL CHEM ENG S. 282(;):113-128

Joanna KAZIMIEROWICZ', Marcin DEBOWSKI? and Marcin ZIELNSKI?

SYNERGISTIC EFFECT OF ULTRASONIC SONIFICATION
IN ANAEROBIC DIGESTION OF EXPIRED FOOD PRODUCTS

Abstract: The regulations in force in the European Unionunexj the thermal pre-treatment of substrates
containing animal by-products prior to the anaeratgestion (AD) process. Expired food productsREBelong

to this category of substrates. Traditionally, tequirement for thermal pre-treatment has beenwitat waste
heat from combined heat and power plants (CHP). édew due to the increasing trend towards biomethan
production and the move away from CHP, alternatieating methods need to be explored. The main xeof
this study was to evaluate the impact of the dua¢gistic effect achieved by ultrasonic-therma-preatment of
EFP on the kinetics, efficiency and energy balaoteéAD. The combined thermal treatment and ultrasoni
disintegration at 90 °C resulted in an increasedissolved phase chemical oxygen demand (COD) by
(84.4 £3.9) % and total organic carbon (TOC) by .85&6.2) %, leading to final concentrations of
(33010 #1280) mg €L and (10710 +670) mg &L, respectively. After thermal pretreatment of E&P70 °C,
the methane yield reached (515 +24) mL/g VS, wail80 °C it increased to (525 £22) mL/g VS. Theleggion

of ultrasonic thermal pretreatment resulted in sitp@ net energy gain, with the most efficientiaat yielding
(4.20 £0.23) Wh, which was (0.37 +0.17) Wh highleart the control sample. In contrast, a negativeggne
balance was observed in the variants where cororaitheating methods were used.

Keywords: expired food products, thermal pretreatment, sdtwad disintegration, synergistic effects, anaerobi
digestion

Introduction

Food waste has become a widespread and signifipeotilem in industrialised
countries, with economic, environmental and sotigtlications. According to the Food
and Agriculture Organisation (FAO) of the Unitedtidas, almost one third of global food
production does not reach the consumer but isdbstarious stages of the supply chain,
from production to consumption [1]. In Europe andrii America, food losses average
(95-115) kg per person per year, while in lowemime regions such as sub-Saharan Africa
and South and Southeast Asia, these figures arenifisimntly lower at
(6-11) kg per person per year [2]. In the Europé&hamon, food waste is estimated at
88 million tonnes per year, which corresponds taarage of 173 kg per capita [3].
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Food waste is not only an economic problem, bub @s environmental problem.
The processes associated with the production, gomhsand storage of food require
significant consumption of resources, including evatenergy, fertilisers and pesticides
[4, 5]. In addition, food waste is one of the lagsources of greenhouse gas emissions,
second only to the construction and transport secf6]. Therefore, it is crucial to
implement solutions that either reduce food wasteeffectively utilise discarded food
products in line with the principles of the ciraulaconomy [7]. This concept aims to
minimise the negative environmental impact of pridwand promote the sustainable reuse
of available resources, including waste materi]s [

One of the established methods for managing focgtenia anaerobic digestion (AD),
which enables conversion into organic fertilised dhe production of energy-rich biogas
[9]. This solution offers energy, environmental agticultural benefits [10], is in line with
circular economy goals and fulfils the increasimgnaénd for renewable energy production
and climate change mitigation measures [11]. AD awlly contributes to landfill waste
reduction, but also improves the economic and enwiental performance of waste
management systems [12]. Although the AD of unugetuding expired food products
(EFP) is well understood, further improvements ogess efficiency and technological
optimisation are required to fully exploit its pot@l as an energy substrate.

A significant proportion of EFP consists of aningald meat waste, which requires
special treatment for hygienic reasons [13]. Th&egufor the processing of animal
by-products not intended for human consumption st out in Regulation (EC) No
1069/2009 of the European Parliament and of then€ib{L4]. One of the recommended
procedures is AD, which provides for pre-treatmeftthe substrate by crushing into
particles of no more than 60 mm and subsequenthiggition at 70 °C for 60 minutes, as
laid down in European Commission Regulation No 2@21 [15]. The thermal treatment
of EFP not only ensures hygienisation, but alsdifates the release of organic compounds
into the dissolved phase [16]. The resulting hygsates are more easily assimilated by
anaerobic microorganisms, which improves the eficy of AD [17]. Traditionally, waste
heat from cogeneration plants has been used fom#idreatment, but this option is now
significantly limited [18]. This change is beingidn by the growing popularity of biogas
upgrading technologies for the production of bidmaee and its subsequent use in natural
gas distribution networks or as fuel for road vedsd19]. Therefore, there is a need to
explore alternative, cost-effective and efficienethods for the thermal pretreatment of
EFP.

One possible solution is the use of ultrasonic wate achieve a dual synergistic
effect, where two different but complementary med$ims improve the overall efficiency
of the process. In the context of EFP pre-treatptbig means the simultaneous effect of
thermal treatment and ultrasonic disintegration tloé organic substrate. Ultrasound
generates thermal effects through the absorptiacotistic energy as well as non-thermal
effects such as cavitation and mechanical strelsighwdestroy cell structures and promote
the biodegradation of biomass [20]. Cavitation & tformation and collapse of
microbubbles leads to localised shock waves andrdioeces that further support the AD
process [21].

Previous studies on ultrasonic pretreatment of micgasubstrates have focused
predominantly on non-thermal mechanisms, such eisat@n and mechanical disruption,
while the thermal effect generated during sonicakias been largely neglected or treated as
a secondary phenomenon. In the context of the diyndevelopment of biomethane plants
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and the decreasing availability of waste heat fobstrate hygienisation, this aspect
becomes particularly relevant. Therefore, the ngvef the present study lies in the
comprehensive evaluation of the synergistic ultnasthermal pretreatment, in which
ultrasound is used not only as a mechanical digiaten tool but also as a controllable
source of thermal energy, enabling simultaneouir@nt of hygienisation requirements
and enhancement of anaerobic digestion performance.

The objective of this study was to evaluate thedotmof the dual synergistic effect
achieved by ultrasonic-thermal pretreatment of expfood products on the efficiency of
anaerobic digestion. The study evaluated changelissolved organic matter content as
an indirect indicator of pretreatment performammamnpared methane production yield in
AD and performed a comparative energy efficiencglygsis of the tested UTP approach
versus conventional thermal pretreatment (CTP).

Materials and methods

Research concept

The study was divided into three stages (S), e#fdridg in the pre-treatment method
for expired food products (EFP) prior to anaerotligestion (AD). In stage 1 (S1), the
homogenised EFP did not undergo any thermal tredtma stage 2 (S2), the EFP
underwent conventional thermal pretreatment (CTRhile in stage 3 (S3), the
EFP underwent ultrasonic thermal pretreatment (UTBYth S2 and S3 were further
divided into two variants based on the pre-treattemperature applied. In variant 1 (V1),
EFP were treated at 70 °C for 60 minutes, whileanant 2 (V2), treatment was carried out
at 90 °C for 60 minutes. After pre-treatment, thePBEwvere subjected to chemical analyses
to evaluate the indirect effects of the method usedbsequently, the EFPs were subjected
to AD in respirometric batch reactors with an otligdoading rate (OLR) of 5.0 g VS/L
under mesophilic conditions at a temperature of{(#p°C.

Materials

EFP from five distribution points of large retalhians located in Bialystok, Poland,
was used for the study. Over a period of four menEFP samples were taken weekly to
determine the proportion of different types of weashcluding meat products, fruit and
vegetable waste, dairy products and other foodduesi In order to develop a substrate
mixture that accurately reflects real-life conditsp the field observations were
supplemented with data from interviews with retaipresentatives. The final composition
of the EFP mixture used in the experiments corgisfe 40 % meat waste, 30 % dairy
products, 30 % fruit and vegetables. Prior to theeeiments, the EFP were mechanically
pre-shredded to an average particle size of (5.8)#hm. The properties of the EFP used
in the study are presented in Table 1.

Anaerobic sludge inoculum

The anaerobic sludge (AS) used as inoculum inghmdntation reactors was obtained
from a closed anaerobic digestion chamber (ADChwit active volume of 7300 %mn
The ADC is an integral part of the sludge treatnsystem and the co-digestion process in
the municipal wastewater treatment plant (MWWTP)Biatystok, Poland. The ADC
operates at a constant temperature of 42 °C, witbrganic loading rate (OLR) of about
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(2.2 +0.3) g VS/drhiday and a hydraulic retention time (HRT) of 21 slayhe detailed

properties of the AS are presented in Table 1.

Table 1
Characteristics of the EFP and AS used in the é@xeet
. Value
Parameter Unit EFP AS
pH [-] 7.9+0.2 7.5 0.3
Total solids (TS) [g/L] 74.0 £7.2 36.8 £3.3
Volatile solids (VS) [g/L] 63.0 5.7 25.9 1.4
Mineral solids (MS) [g/L] 11.0+1.6 10.8 £1.3
Total carbon (TC) [g/L] 83.3+2.6 11.2 +0.3
Total inorganic carbon (TIC) [g/L] 7.5 0.3 3.9 £0.
Total organic carbon (TOC) [g/L] 75.8 2.4 7.3 +0.6
Total nitrogen (Ny) [g/L] 8.6 0.6 1.2 0.3
CIN [] 9.8 +0.3 9.7 +0.8
Total phosphorus (R) [g/L] 1.7 +0.4 0.07 £0.01
Protein [g/L] 53.9 £2.7 7.1 +0.3
Carbohydrates [g/L] 12.9 +0.8 0.02 +0.01
Lipids [g/L] 83.3+3.1 1.4 +0.2
Total alkalinity [g CaC@L] 6.9 +0.1 5.8 0.2
Volatile fatty acids (VFA) [g CHCOOH/L] 0.29 +0.01 0.27 +0.02
VFA/total alkalinity [] 0.042 +0.002 0.051 +0.005

Laboratory setups for the thermal pretreatment of B-P

The pre-grinding and homogenisation of EFP wasiedrout using a Pulverisette
11 knife mill (Fritsch GmbH, Idar-Oberstein, GerrganA volume of 1.0 L of EFP was fed
into the mill and the grinding process was carred using a titanium knife with four
blades at 10,000 rpm for 10 seconds. The CTP anB prbcesses were carried out in
an IS-1K reactor (InterSonic, Olsztyn, Poland) gsineating by electric heaters or
ultrasound, depending on the stage of the expetim&nvolume of 1.0 dr of
pre-homogenised EFP was introduced into the reatimmber.

In stage S2 (V1, V2), heating was carried out \Bi@l0 W electric heaters, while in S3
(V1, V2) ultrasound with a frequency of 35 kHz aadpower of 400 W was used.
The 1S-1K reactor was thermally insulated with a d®’ thick polystyrene layer to
minimise heat loss. The energy consumption for ihgatvas monitored with an Orno
OR-WAT-435 wattmeter (Elmak Sp. z 0.0., RzeszowafRd). The temperature of the EFP
in S2V1 and S3V1 was maintained in the range of A30°C, while in S2V2 and S3V2 it
was kept between (90-93) °C. The electric heatendttasonic heads were automatically
switched on and off as soon as the set temperatuees reached. This was done by
a control system co-operating with a Pt100 sendom¢ Sp. z o.0., Wroctaw, Poland).
Based on continuous temperature monitoring (Ptlsar), the time required to reach
the set temperature was (8 £1) min for S2V1 (70 46 (11 1) min for S2V2 (90 °C)
when electric heaters were applied. In the ultresomriants, the heating time was
longer and amounted to (16 +2) min for S3V1 (70 &Gy (21 +3) min for S3V2 (90 °C).
The pre-treated EFP was then chemically analysatl fad into the AD process to
determine the efficiency of methane (§droduction.
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Measurements of methane production

The methanogenic potential of EFP was determinedhbgsuring the volumetric gas
production using the Automatic Methane PotentialstT&ystem (AMPTS II, BPC
Instruments AB, Lund, Sweden). AD was performed aatconstant temperature of
(42 £1) °C in glass chambers with a total capacft$00 mL equipped with an individual
sequential full mixing system with bladeless vettiaxis stirrers (100 rpm for 30 seconds,
activated every 5 minutes).

The study was conducted with 18 respirometers, iaa&plg in triplicate the
experimental variants specified in the methodolalgi@ssumptions. The tested variants
included thermally pretreated EFP: CTP 60 min (@) CTP 60 min (90 °C), UTP 60 min
(70 °C), UTP 60 min (90 °C). A control group inckdl EFP without pretreatment
(3 bioreactors), AS only to estimate endogenous @tdduction (3 bioreactors). At the
beginning of the experimental cycle, 200 mL of A®dulum was added to the AMPTS I
respirometers, followed by the corresponding am®wift EFP according to the tested
variants. The organic loading rate (OLR) was se{5t® +0.3) g VS/L, calculated with
respect to the active volume of anaerobic inocul@®0 mL). This corresponded to
(1.0 £0.05) g VS (approximately (1.17 +0.06) g T®khich was equivalent to about
(16.0 £0.8) g£15.8 +0.8) mL of fresh mass EFP per reactor, déipgnon the actual TS
and VS content of the substrate (Table 1). Anaeraonditions in the reactors were
achieved by flushing the sludge-substrate mixtuth pure N at a flow rate of 100 L/h for
3 minutes.
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Gas production was monitored daily using the osablioprocess control software in
the AMPTS Il system. The software recorded the, @lume under standard conditions
(atmospheric pressure 101.3 kPa, temperature Oha@idity 0 %). The respirometric
measurements were continued until complete dedoadanf the available organic
compounds. The automated system compared consecutBasurement results and
terminated the test when five consecutive measumtmdiffered by less than 1 %.
The endogenous biogas production of the anaerdbiges alone was not taken into
account when calculating the ¢hield. Methane production was expressed as thenvel
of gas produced over 20 days, measured in mL pé6 gqdded to the reactors. The £O
produced during the AD process was not taken imimo@nt in the measurements and
further calculations. The experimental setup inethé 100 mL sorption module in which
the absorption liquid was a 3M NaOH solution, whatsured a COcapture efficiency of
over 98 %. The fermentation reactors were condettiehe CQ absorption units using
gas-tight Tygon® tubing supplied as standard eqaiptmwith the AMPTS Il system
(Bioprocess Control). The other components of tkpeEmental system are shown in
Figure 1.

Analytical methods

Determinations of total solids (TS), volatile sali(V'S), and mineral solids (MS) were
performed using the gravimetric method in accordamith the PN-EN 15935:2022-01
standard [22]. The contents of inorganic carbon),(i8tal carbon (TC), total organic
carbon (TOC), and total nitrogen (TN) were analyssithg a Flash 2000 analyser (Thermo
Scientific, Waltham, MA, USA). Total phosphorus (T®as determined colourimetrically
at a wavelength of 390 nm using a DR 2800 spectimpheter (Hach-Lange GmbH,
Dusseldorf, Germany) after prior sample minerailisat The total protein content was
calculated by multiplying the TN concentration bfaator of 6.25. Reducing carbohydrates
were determined spectrophotometrically using amérceagent (0.2 g anthrone/100 mL
concentrated §8Q,). Prior to analysis, samples were subjected tal dgidrolysis of
polysaccharides (1 M 4$0,, 100 °C, 1 h), followed by cooling and neutraiisatto
pH 4-5. After addition of the anthrone reagent, thixture was heated in a water bath
(95-100) °C for (8-10) min. Absorbance was measumed00 nm using a DR 2800
spectrophotometer (Hach-Lange GmbH, Disseldorfi@aay). Calibration was performed
using standard glucose solutions, yielding a lingasponse within the analysed
concentration range. Lipids were extracted usin@oxhlet apparatus (Buchi, Flawil,
Switzerland), and their content was determined dbase the mass difference before and
after extraction. The pH value was measured usmd®11D pH meter (Hach-Lange
GmbH, Disseldorf, Germany). The concentrationshehtcal oxygen demand (COD) and
TOC in the dissolved phase were determined aftwrifig the H-LSPW sample using
a vacuum membrane filtration set (Advantec MFS,,liublin, CA, USA). TOC was
analysed using a TOC-L analyser (Shimadzu, Kyoapad), while COD was measured
spectrophotometrically (DR 2800, Hach-Lange GmbHjs&2ldorf, Germany). Total
alkalinity was determined using a titration methadd volatile fatty acids (VFA) were
analysed photometrically using the 0-50 NanocolbrTkhe biogas composition, including
CH, content, was monitored using a gas chromatogrggh 7890A Agilent, Santa Clara,
CA, USA).
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Computational methods

The actual energy input (E_INPUT) was determineihgushe Orno OR-WAT-435
wattmeter (Elmak Ltd., Poland). The energy outpbt H,out) derived from CH
production was calculated as follows:

E_CHout=Y_CHout x E_CH x M_VSIinR [Wh] 1)
where: Y_CHout - methane yield [mL/g VS], E_GH energetic value of methane

[Wh/mL], M_VSInR - VS supplied to the respiromefgrVs].
The unit energy input (E_Uin) per unit of VS masaswealculated using the formula:

E_Uin = E_INPUT/M_VSin [Wh/g VS] (2)
where: E_Uin - specific energy input per unit VSHWY VS], E_INPUT - specific energy
input [Wh], M_VSin - VS mass [g VS].

The total energy input into the respirometer (E_TR) was determined with the
following equation:

E_TOTInR = E_Uin/M_VSIinR [Wh] 3
where: E_TOTIinR - specific energy input delivered the respirometer [Wh],
E_Uin - specific energy per unit VS [Wh/g VS], M_M®& - VS mass introduced into the

respirometer [g VS].
The net energy gain (E_NET) was calculated using:

E_NET = E_CHout - E_TOTinR [Wh] (4)
The degree of organic matter solubilisation [%] wakulated using equation [23]:

Degree of COD or TOC solubilisation = [(SCODS1 60£S1 — sCODSO0 or sTOCSO0)/
(CODTO or TOCTG- sCODSO0 or sTOCSO0)] - 100 (5)

Here, sCODS0/sTOCSO represents the soluble CODM€&I@e the pretreatment EFP
[mg/L], sCODS1/sTOCS1 corresponds to the solubleDO@C after pretreatment EFP,
and CODTO/TOCTO denotes the total COD/TOC concéontrdmg/L] in TS of raw EFP.

The rate () of the (AD) process, defined as the daily ORcrease, as well as the
kinetic constantskj, which describe the estimated rate, were caledlaising an iterative
approach with linear regression. The equation usechodel biogas/methane yield is as
follows:

Y(t) = ~Ymax (e_kt - 1) (6)
where:Y - yield of CH, [mL N/g VS_added- daylYmax - maximum achievable production
of CH, [mL N/g VS_added]k - kinetic constant [1/dayi,- time [day].

The rate of CH production ) was calculated by multiplying the kinetic congték)
by the maximum potential of gas metabolite genenatiuring the AD process, normalised

per unit of VS introduced to the respirometer. Tdakulation assumes a first-order kinetic
model.

Statistical analysis

The statistical evaluation of the obtained resultas carried out using the
STATISTICA 13.3 PL software package. Differencegwaen groups were assessed
through a one-way analysis of variance (ANOVA), whlukey's test was employed to
determine the significance of differences betwdsn danalysed variables. A significance
level of p = 0.05 was applied for all tests.
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Results and discussion

Concentration of organic compounds in the dissolvephase

Analysing changes in the concentration of organimgounds in the dissolved phase is
an indirect method for evaluating the effects dfsdtate pretreatment techniques applied
prior to the anaerobic digestion process [24]. Tii@n objective of pretreatment is to
dissolve compact organic structures, fragment tlach improve the transfer of organic
matter to the liquid phase, thereby increasing lieavailability of the substrate for
anaerobic microorganisms, especially hydrolytic aodogenic bacteria [25]. The efficient
conversion of organic compounds into volatile fatids (VFAS) directly determines the
rate and efficiency of methanogenesis and congibtd improved stability of the digestate
[26]. The most commonly used indirect indicators &valuating the effectiveness of
pretreatment include COD and TOC [26].

In S1, where EFP was not subjected to thermal gatrent, the analysed parameters
characterising the concentrations of organic compsu were as follows:
(17,900 +930) mg &L (COD) and 6,830 mg/L (TOC) (Table 2). The apalion of
conventional thermal pretreatment (CTP) in S2V1 8882 led to a significant increase in
COD and TOC concentrations. No significant differes were observed between S2V1
(70 °C) and S2V2 (90 °C) depending on the appliedP Gemperature. The COD
concentrations in the dissolved phase reached 780,&8840) mg @L and
(30,980 £950) mg €L respectively (Table 2). The proportion of disgs COD after CTP
was (68.0 £2.8) % in S2V1 and (73.1 +3.1) % in S2V2

Table 2
Effect of the applied pretreatment on the degresbfbilisation and the changes
in the concentration of organic compounds in tissalived phase
Stage/ - coD — - TOC —
Variant Concentration | Increase | Solubilisation Concentration Increase | Solubilisation
[mg/L] [%0] [%0] [mg/L] [%] [%0]

S1 17,900 +930 - - 6,830 +410 - -
S2v1 30,070 +840 68.0 +2.4 11.1 +0.5 9,330 +430 634.6 6.9 +0.9
S2v2 30,980 950 73.1+3.] 12.0 +0.5 9,970 570 945.7 8.6 +1.1
S3V1 31,720 £770 77.2 +2.4 12.6 +0.4 10,010 +630 .546.3 8.8 +1.2
S3v2 33,010 #1280| 84.4 +3.9 13.8 +0.6 10,710 +67¢ 6.856.2 10.7 1.2

The application of a combined thermal and ultrasalisintegration process (UTP) at
70 °C (S3V1) resulted in a (77.2 +2.4) increasedissolved COD content, reaching
(31,720 +£770) mg/L (Table 2). However, this changas not statistically significant
compared to CTP implementation. A significantly heg COD transfer efficiency
(84.4 +£3.9) % to the dissolved phase was observec&3V2 (90 °C), resulting in
a concentration of (33,010 +1,280) mg/L. Similaenls were observed for TOC
concentrations. The highest increase in dissolveC Treaching (56.8 +6.2) %, was
recorded in S3V2. In this case, the UTP allowedGCTcontent of (10,710 £+670) mg/L
(Table 2). In raw EFP, TOC concentrations of (6,88010) mg/L were measured.
The other pretreatment options resulted in disgbleOC concentrations between
(9,330 £430) mg/L (S2V1) and (10,010 £630) mg/L\83 TOC concentrations increased
by (36.6 +4.6) % to (46.5 £6.3) % (Table 2). Thdues in this group were statistically
comparable, but significantly higher than in untegeEFP.
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Ultrasound treatment is an effective method foll cidruption prior to anaerobic
digestion (AD) [27]. The effect of ultrasound isirparily generated by ultrasonic
cavitation, which leads to strong shear forcegngtrturbulence, high temperature and
pressure in a certain area [28]. The effectivenéske sonication process also depends on
parameters such as the ultrasonic power, the expdisoe and the type of raw materials
used [29].

In the studies by Gadhe et al. [30], the effectdgmnof ultrasonic pretreatment of food
waste was investigated. The maximum increase inctmeentration of dissolved COD,
which reached 56.51 %, was achieved with an 8 %c®&ent, a sonication time of
15 minutes, ultrasonic frequency of 20 kHz and weyoof 1200 W. The results were lower
than those presented in this study, in which a mari increase of 84.41 % in dissolved
COD concentration was recorded under the UTP comgitfor 60 minutes at 90 °C
(S2Vv2). Lower efficiency in increasing dissolved BQvas also reported by Joshi and
Gogate [31], who studied the effect of differentemgiing parameters for UTP, such as
treatment time (between 2 and 14 minutes), powasitle (0.2-1.0) W/mL, duty cycle
(20-80) % and substrate loading (3-11) % w/v ondfeeaste disintegration. The largest
increase in dissolved COD (61.5 %) was observedewuraptimal UTP conditions:
10 min irradiation time, 0.4 W/mL power density, 8duty cycle and 7 % w/v substrate
loading. Yue et al. [32] also examined the effefcU@P pretreatment of food waste with
a power of 10 to 500 W. The COD content in unt@at®od waste was
(10,240 +280) mg/L, while after increasing the @yerinput, the dissolved COD
concentration increased from (16,200 +260) mg/(2®,680 +1060) mg/L. The maximum
increase in dissolved COD was 160.5 % and wasftiveralmost twice as high as the value
determined in this study.

Methane fermentation

Various pretreatment methods, including mechanidaechniques (such as
ultrasonication, high pressure and lysis), thernpabcesses, chemical treatments
(e.g. ozonation and alkaline treatment) and bialaigmethods, can be applied to process
solid waste prior to AD [33]. These processes imprthe solubilisation of organic matter,
which can effectively increase the conversion r#étereby increasing the efficiency of
biogas production [34].

The efficiency of methane production from untreakfeP was (418 +30) mL/g VS
(Fig. 2). The AD rater was (86.1 +4.2) mL Clg VS-day and the rate constakit {as
(0.21 +0.02) 1/day (Table 3). Regardless of thepenature, the application of CTP had no
significant effect on the overall methane fermdatatefficiency of the tested EFP.
In S2V1 (70 °C), methane production was (425 +271) @H,/g VS and in S2V2
(90 °C) (434 +29) mL CHg VS (Fig. 2). However, the kinetic parameters of
the process increased significantly. The fermeonatirates after application
of CTP were (96.4 +6.7) mL C§y VS-day k = 0.23 +0.01) for S2V1 and
(112.1 +9.1) mL CHg VS-day k = 0.26 +0.02) for S2V2 (Table 3). The efficiencl o
methane production from food waste after conveafidhermal treatment has been the
subject of many studies. For instance, Li et 8] [@onducted experiments in which food
waste was thermally treated at temperatures bet®8eéiC and 120 °C prior to AD. They
found that thermal treatment at these temperatumpsoved the degradation of organic
matter and led to a 20 % increase inGioduction compared to untreated food waste.
Similar results were reported by Xie et al. [36honmshowed that heating the substrate to
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90 °C for 30 min increased hydrolysis and nutrientilability to the methanogenic
microorganisms, resulting in a (15-25) % increaskiogas production.
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Fig. 2. The actual and model curves characterigiegAD of EFP as a function of the experimental
variant: a) endogenous GHb) S1, ¢) S2V1, d) S2V2, e) S3V1, f) S3V2
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These results showed a higher efficiency of methammeluction compared to the
results presented in this study, where conventibaating to 90 °C (S2V2) led to a 3.83 %
increase in Chlproduction compared to untreated EFP. On the dthied, Wang et al. [37]
found that thermal treatment above 150 °C couldatiegly affect anaerobic fermentation.
High temperatures can lead to the formation ofdcc@mpounds such as furfural and
5-hydroxymethylfurfural, which inhibit the activitgf methanogenic microorganisms and
reduce methane production.

A significantly higher efficiency of anaerobic degation of EFP (food waste) was
observed in S3, where the temperature increase admeved by the ultrasonic
disintegration process (UTP). In S3V1 (70 °C), Gioduction was (515 +24) mL/g VS,
with an observed rater)(of (143.6 +11.6) mL Chklg VS-day and a rate constahd (
of (0.28 +0.02) 1/day (Table 3). In S3V2 (90 °C),HL production reached
(525 £22) mL/g VS, with a rate of (151.7 +13.3) miH,/g VS-day (Fig. 2). Control
measurements of the biogas composition showedthigatCH, content was in a narrow
range between (61.7 +2.1) % (S1) and (64.6 +2.0§S®V2) (Table 3). The observed
differences were not statistically significant.

Table 3
CH, yield and kinetic parameters characterising theoABFP
Parameter
\/S;fl‘gﬁt’ CH, yield CH, K T
[mL/g VS] [%] [1/day] [mL/g VS-day]
Endogenic CH 58 £11 48.3 3.7 0.19 +0.01 11.0+14
S1v1 418 +20 61.7 £2.1 0.21 +0.02 86.1+4.2
S2v1 425 +27 63.5 1.2 0.23 +0.01 96.4 6.7
S2v2 434 +29 62.9 £2.1 0.26 +0.02 112.1 9.1
S3vi 515 +24 63.4 £1.7 0.28 +0.02 144 12
S3v2 525 22 64.6 +2.0 0.29 +0.02 152 #13

Ultrasonic treatment is considered an environmgnfakendly technology compared
to conventional chemical extraction/processing mésh[38]. Neumann et al. [39] have
shown that sonication of food waste at frequencie420-40) kHz can increase GH
production efficiency by up to (25-40) % compareduntreated substrates. The results
obtained are comparable to those presented insthidy for the most effective variant,
S3V2, where a 25.6 % increase in gbtoduction was observed. Yue et al. [32] showed
that CH, production efficiency increased from 726.85 mL fgHotal volatile solids (TVS)
to 927.97 mL CHg TVS by increasing the ultrasonic energy from @0KI/kg to
50,000 kJ/kg during a 30-day anaerobic fermentatioiood waste. Joshi and Gogate [31]
observed an almost twofold increase in biogas proiu after 15 days in AD of food
waste assisted by sonication compared to conveitibeating. The increase in biogas
production correlated with the increased powerlthsound (UT), and the application of
sonication resulted in increased cell wall porgsithich promoted more efficient nutrient
transfer from the fermentation medium to the mi@obbells. In the study by Quiroga et al.
[40], daily CH, production increased by 31 % in samples subjetiezbnication (power
400 W, frequency 24 kHz) during anaerobic co-digesbf food waste, cattle manure and
sewage sludge, reaching a value of 432 mL/GN'S. This result was significantly lower
than the value obtained by the authors of this msewijpt in the mono-digestion of food
waste in the S3V2 variant, where ¢Cptoduction reached (525 £22) mL @8l VS. Higher
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results were presented by Ormaechea et al. [41],imdicated an about twofold increase in
CH, production efficiency for co-substrates subjedtediltrasonic pretreatment compared
to materials that were not subjected to sonication.

No strong correlations were found between the, Gioduction yield and the
concentration of organic compounds in the dissolpbdse in any of the experimental
variants (S1 - S3V2). The coefficient of determioat(R?) for the relationship CH
yield/COD concentration was 0.03816, while for thelationship CH vyield/TOC
concentratior?? was 0.4711 (Fig. 3). A significantly better lindawas found for variants
in which the tested EFPs were subjected to pretexat in S2 and S3. In this case, the
relationship between the yield of AD and the comaion of dissolved COD was strong
with anR? value of 0.8774, and for TOC it was 0.7316 (Fig. 3
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. y=0.0238x+24025 | /
500 500 : /
, Ri=04711 e
@ ¥=0.0052x +313.08 7
> Ri=03816 ey > = f
S 450 w T S 450 4TS
e o** e < ’
ot '.'A Y
osf ] - /
o i S /
400 400
y=0.0382x - 727.36 ¥ =0.0740x — 266.11
R#=08774 Ri=0.7316
350 350
15000 20000 25000 30000 35000 6000 7000 8000 9000 10000 11000
COD [mg/L] TOC [mg/L]

Fig. 3. The relationship between a) £yeld and COD concentration and b) TOC concerrain the
dissolved phase

Estimation of the energy balance

Calculations taking into account the ¢Hroduction and the calorific value of this
biogas component (0.00917 Wh/mL) show that theavasiin which UTP was used in the
pre-treatment process of EFP had the highest eneffigiency. The gross energy
production (E_CH4out) in S3V1 was (4.72 +0.22) Wwhile in S3V2 it was
(4.81 +0.20) Wh (Table 4). The energy consumed (&TiRR) for the pretreatment of EFP
fed into the anaerobic chambers with UTP was (0£81826) Wh and (0.682 +0.034) Wh,
respectively (Table 4). The net energy gain (E_NET$3V1 was (4.20 +0.23) Wh and in
S3V2 it was slightly lower at (4.13 £0.21) Wh. 14,Svhere the AD process was carried
out with raw EFP that had not undergone any pratreat, the E_NET obtained was
significantly lower at (3.83 +0.27) Wh (Table 4).

The experiments performed showed that the use &f @iriants led to lower energy
efficiency, even compared to the control sample. $2V1 and S2V2, the E_NET values
obtained were (3.44 +0.23) Wh and (3.41 +0.26) Véspectively, 0.39 Wh and 0.42 Wh
lower than for S1 (Table 4). Therefore, it should kecognised that the necessary
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pre-treatment of substrates containing animal prtsdmay limit the energy efficiency of
biogas plants from the point of view of the proessapplicable to AD. However, it is
important to emphasise that the results obtained koratory scale in batch reactors are
only a very preliminary and estimated basis foittfer research. More reliable data for
a thorough life cycle assessment (LCA) and lifeleycost analysis (LCC) as well as
an in-depth energy and economic balance can bénebtay testing under real conditions.
Pilot studies reduce the differences and uncemsirtssociated with scaling up the process.

Table 4
Estimated analysis of energy efficiency for theddsxperimental variants
Parameter Stage/Variant
S1 S2V1 S2V2 S3V1 S3Vv2
Y_CHjout [mL/g VS] 418 +30 425 +27 434 £29 515 +24 5282+
E_CH, [Wh/mL] 0.00917
M_VSinR [g VS] 1
E_CHout [Wh] 3.83 +0.27 3.89 +0.24 3.98 +0.26 4.72 0.2 4.81 +0.20
E_INPUT [Wh] 0 116.6 +4.8 150.2 +7.2 136.3 +6.5 Bre7.1
M_VSin [g VS] 263 +3.8
E_Uin [Wh/g VS] 0 [ 0.443 £0.022 | 0.571 +0.0280.518 +0.026] 0.682 +0.034
M_VSinR [g VS] 1
E_TOTinR [Wh] 0 0.443 +0.022 0.571 +0.0280.518 +0.026| 0.682 +0.034
E_NET [Wh] 3.83 +0.27 3.44 +0.23 3.41 +0.2p 4.2228) 4.13 £0.21
Conclusion

Current regulations in the European Union requieethermal pre-treatment of organic
substrates containing animal by-products beforg #re subjected to anaerobic digestion
(AD). One group of such substrates is expired foatiucts, which are produced on a large
scale, especially in large companies and food distews. Until now, thermal pre-treatment
has mainly been carried out using waste heat frembéned heat and power (CHP) plants.
However, due to the conversion of biogas planthéproduction of biomethane and the
decreasing use of CHP, there is a need to loo&lfernative heating methods.

The presented study confirms the synergistic effefctsimultaneous heating and
ultrasonic disintegration on the technological parfance and energy balance of anaerobic
digestion of expired food products. The monitoriofgchanges in the concentration of
organic compounds in the dissolved phase led tolada that both the temperature applied
during pre-treatment and the technology used hagtecésive influence on the degree of
solubilisation. The use of ultrasonic disintegratiproved to be more effective in
transferring organic substances from the solidhéoliquid phase.

The highest CHl yield was achieved in the anaerobic digestion xbired food
products subjected to thermal pre-treatment in ¢oation with ultrasound. These variants
also had the highest values for parameters desgrilithe kinetics of anaerobic
biodegradation. The higher technological effectsaéerobic digestion were reflected in
a higher net energy production. The highest eneffigiency was found in the variants in
which the synergistic effect of ultrasonic disint#ipn and thermal treatment was tested.
The exclusive use of conventional heating methodsbled an increase in technological
efficiency in terms of Cllproduction, but the energy consumption resulted iawer net
yield than in the control variant.
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