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Abstract

Rapid population growth is intensifying global energy demand and waste generation.
Slaughterhouse waste is creating important environmental problems. Transforming this
into renewable energy through technologies like anaerobic digestion offers a sustainable
pathway to reduce environmental impacts and support the energy transition. The main
objective of this study was to examine the biodegradability of the slaughterhouse semi-
liquid fraction (S), slaughterhouse liquid fractions (L), and their mixtures (25%, 50%, and
75%) through a two-phase anaerobic co-digestion (TPAcD) process. Batch reactors were
operated in two separate microbiological and thermal phases. In the first, a thermophilic
55 °C-acidogenic stage, biochemical hydrogen potential (BHP) assays were conducted to
evaluate green hydrogen production, while in the second, a mesophilic 35 °C-methanogenic
stage, biochemical methane potential (BMP) assays were carried out to assess biomethane
generation. The most relevant findings revealed that while liquid fractions maximized
hydrogen recovery, overall yields remained limited due to competitive metabolic path-
ways. Notably, the 25L.:75S configuration optimized hydrolysis, with a 1280% increase
in soluble COD, establishing the semi-liquid fraction as a critical organic reservoir for
thermophilic-acidogenic activity. In the subsequent stage, the acidogenic pre-treatment
significantly enhanced methanogenesis, where the same 25L:75S5 mixture exhibited a syner-
gistic methane yield of 495.46 mL CHy/g VS. This 13.8% improvement over the theoretical
additive potential confirms that strategic substrate balancing overcomes individual feed-
stock limitations, maximizing energy recovery in sequential anaerobic digestion. These
results highlight the potential of phase-separated anaerobic co-digestion as a strategy to
improve the valorization of slaughterhouse wastes.

Keywords: temperature-phased anaerobic co-digestion (TPAcD); green hydrogen;
biomethane; slaughterhouse waste

1. Introduction

Worldwide population growth continues to drive up energy demand and waste
generation, placing sustainability under increasing pressure. Fossil fuels still supply a
large share of global energy, leading to resource depletion, rising energy prices, higher
living costs, and environmental pollution, which particularly contributes to climate change.
Recent studies, such as [1,2], emphasize that the need to find renewable energy sources and
value-added uses for waste is no longer optional, but urgent. The valorization of biomass
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waste from industrial activities holds promise for both mitigating environmental impacts
and contributing to the energy transition [3,4].

Anaerobic digestion (AD) is a suitable technology for this valorization, based on a
microbiological process that decomposes organic matter in the absence of oxygen, yielding
biogas (primarily CHy and CO,) and a digestate usable for agricultural purposes. The
application of digestate as a bio-fertilizer enhances nutrient cycling and soil health, provid-
ing a sustainable alternative to synthetic fertilizers while significantly reducing the carbon
footprint of agricultural production. Besides energy recovery, AD offers nutrient recycling
and waste stabilization [5]. Despite its benefits, the performance of AD depends strongly
on the nature of the substrate, operational parameters, and process configuration.

One industrial source of organic waste that can create serious environmental problems
and is a suitable source for AD is slaughterhouse waste, including slaughterhouse liquid
fraction and semi-liquid fraction. These wastes contain high loads of organic matter,
fats, suspended solids, blood, etc., which make them strong candidates for AD, but also
can be recalcitrant due to their composition [6]. Slaughterhouse wastewater often also
contains nutrients, such as nitrogen or phosphorus, as well as pathogen loads and other
contaminants like heavy metals, antibiotics, or detergents, that complicate treatment and
disposal [7,8]. The semi-liquid fraction from such processes—semi-solid and highly organic
but often poorly accessible to microbiological degradation—poses further challenges [9].

To improve the efficiency of the process, several strategies have been explored. One
is co-digestion: combining different waste streams to balance nutrient content, dilute in-
hibitors, and adjust characteristics such as the C/N ratio [10]. Another is multi-phase
or phase-separated anaerobic digestion (including separation by temperature or microbi-
ological activity) to exploit different optimal conditions for hydrolysis/acidogenesis vs.
methanogenesis (thermophilic acidogenic first phase; mesophilic methanogenic second
phase). Studies show that high temperatures in the hydrolytic/acidogenic stage improve
the solubilization of organic substrate, increase volatile fatty acids (VFA), and can enhance
downstream biomethane production, as well as comparisons of two-phase high-solid
sludge [11].

Recent studies of biochemical methane potential (BMP) for slaughterhouse waste, as
well as mixtures that are based on flotates and slaughterhouse waste, show promising
methane yields [12]. Similarly, co-digestion with other agricultural or food industry waste,
like tomato and dairy industry byproducts, has been shown to improve COD removal,
methane yield, and economic feasibility in Spain [13].

However, the literature on the separation of stages—acidogenic and methanogenic—
with both thermophilic acidogenesis and mesophilic methanogenesis, combined with
varying substrate mixing proportions of semi-liquid fraction and liquid fraction from the
meat industry, remains relatively sparse.

Temperature-Phased Anaerobic Digestion (TPAD), sometimes operating through
co-digestion (TPAcD), is based on a thermophilic/acidogenic stage followed by a
mesophilic/methanogenic stage, which are recognized for their ability to decouple hy-
drolysis/acidogenesis from methanogenesis, allowing each stage to operate under its
optimum environmental regime [14]. Typical operating conditions involve a first ther-
mophilic reaction at 50-60 °C, with short HRTs and pH control, to promote hydrolysis
and volatile fatty acid (VFA) accumulation, followed by a mesophilic reaction at 35-37 °C,
with longer retention to convert intermediates into methane [14]. The microbiological
consortia in two-stage systems often manifest clear functional stratification: the first stage
enriches hydrogenogenic fermenters (e.g., Clostridia, Thermoanaerobacter), homoacetogens,
and syntrophic VFA oxidizers, whereas the second stage is dominated by methanogenic
archaea—particularly hydrogenotrophic methanogens such as Methanothermobacter and
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Methanoculleus, with acetoclastic methanogens often suppressed under thermophilic pre-
treatment [15].

The advantages of the TPAcD include the increment of hydrolysis and acid production,
reducing intermediate inhibition, improving flexibility in temperature and pH control, and
yielding higher overall methane or biohythane output [16]. However, limitations include
higher capital and operational costs (extra reactor, heat demand, pumps) [17]. On the
economic side, a few life cycle and techno-economic assessments suggest that the extra
costs can be offset by gains in energy recovery and stability [17-19]. Additionally, while
temperature-phase anaerobic co-digestion (TPAcD) has shown clear benefits in terms of
the hydrolysis rate and methane yield in studies with sewage sludge and food waste, its
application to animal waste remains under-represented in the recent literature [20].

In this study, the initial hypotheses are that a phase-separated anaerobic co-digestion
process, based on a thermophilic-acidogenic first stage, followed by a mesophilic-
methanogenic second stage, will yield higher overall methane production compared to
single-stage digestion or non-phase-separated processes. On the other hand, although hy-
drogen yields in the acidogenic stage may be limited due to the complex nature of the waste;
they can vary depending on the proportion of liquid fraction vs. semi-liquid fraction. To
bridge the gap between TPAcD theory and practical application in livestock waste streams,
this study explicitly investigates the effect of the liquid /semi-liquid ratio on hydrolysis and
methane production under temperature-phased operation. Accordingly, the main objective
of this study is to assess the biodegradability of the slaughterhouse semi-liquid fraction,
liquid fraction, and their mixtures through a two-stage anaerobic co-digestion process with
phase separation, both microbiological and thermal (TPAcD). Batch assays were conducted
under varying substrate proportions to evaluate process performance and stability. The se-
quential configuration comprised a thermophilic 55 °C-acidogenic stage, assessed through
biochemical hydrogen potential (BHP) tests, followed by a mesophilic 35 °C-methanogenic
stage, evaluated via biochemical methane potential (BMP) tests. This approach aimed to
optimize the anaerobic digestion of slaughterhouse byproducts by enhancing hydrolysis
and acidogenesis in the first stage and maximizing biomethane generation in the second.
In short, this study aimed to determine optimal conditions for each phase and clarify
how substrate composition influences process stability and H; /CHy yields, comparing
the TPAcD systems with the conventional mono-stage AD. Basically, this work advances
the state-of-the-art by applying a two-phase temperature-separated anaerobic digestion
(TPAcD) strategy to mixed liquid and semi-liquid slaughterhouse wastes, a substrate com-
bination that has been scarcely addressed in recent studies. In addition, it provides novel
insight into the role of the liquid-to-semi-liquid ratio in enhancing phase decoupling and
maximizing overall energy recovery.

2. Materials and Methods

All experimental assays were conducted at the Centro Andaluz Superior de Estudios
Marinos (CASEM) of the University of Cadiz (Spain).

2.1. Substrates and Inocula

The substrates used in this study were obtained from Montesierra S.A., located in
Jerez de la Frontera (Spain), and comprised two distinct swine slaughterhouse wastes:
semi-liquid fraction and liquid fraction. The semi-liquid fraction is a semi-solid waste with
a high moisture content, generated from the grinding and processing of bones, excreta, and
fats, and thus is rich in organic matter. However, due to industrial cleaning procedures,
it also contains inorganic and persistent compounds, which limit the accessibility of its
organic fraction to microbiological degradation. In contrast, the liquid fraction is a liquid
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waste primarily composed of slurry and wash water from carcass cutting and swine meat
processing. Although its organic load is lower due to dilution, the organic matter is more
readily available and easily biodegradable. On the other hand, two inocula were used: a
thermophilic inoculum (IT) and a mesophilic inoculum (IM), both derived from the liquid
fractions of stable 5 L anaerobic reactors, operating at 55 °C and 35 °C, respectively. The use
of temperature-adapted inocula from long-term stable reactors ensured process stability
and the acquisition of reliable data. These reactors were fed with sewage semi-liquid frac-
tion from a municipal Wastewater Treatment Plant (WWTP), and they were operated at a
hydraulic retention time of 20 days, until stationary conditions. In the IM, the archaeal pop-
ulation was basically composed of the acetoclastic methanogen Methanosaeta. In contrast,
IT was predominantly composed of hydrogenotrophic methanogens, Methanothermobacter.

Batch biochemical hydrogen potential (BHP) and biochemical methane potential (BMP)
assays were carried out using five different semi-liquid fraction-liquid fraction mixing
ratios, with three replicates for each condition, plus one control (inoculum + water). During
the thermophilic-acidogenic phase, pH was adjusted with HCl whenever values exceeded
5.5 to suppress methanogenesis and favor acidogenesis [21,22].

In the experimental set-up (Figure 1), 17 hermetic 250 mL reactors were employed,
each with a working volume of 120 mL and a 130 mL headspace for biogas accumulation,
a volume specifically selected for an optimal liquid-to-headspace ratio, ensuring precise
biogas quantification and stable operation. Each reactor was loaded with 60 mL of inoculum
(IT or IM, depending on the assay) and 60 mL of substrate. Thus, the inoculum-to-substrate
(I/S) ratio was optimized based on the literature and the previous experience of the research
group [23,24], preventing organic overloading and acidification. An anaerobic atmosphere
was established in all reactors prior to the batch experiments by flushing the headspace with
nitrogen (Ny), at atmospheric pressure, for 5 min after substrate and inoculum loading. This
procedure ensured oxygen removal and standardized the initial headspace composition,
thereby minimizing potential bias in initial gas quantification. The reactors were maintained
under constant orbital agitation. The experimental design is summarized in Table 1.
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Figure 1. Experimental set-up for sequential two-phase anaerobic co-digestion of slaughterhouse
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waste, showing the thermophilic hydrolysis (BHP) and mesophilic methane production (BMP)
reactor configuration.

https:/ /doi.org/10.3390/biomass6020027


https://doi.org/10.3390/biomass6020027

Biomass 2026, 6, 27 50f 22

Table 1. Reactor set-up and nomenclature according to substrate composition.

Reactors Composition Nomenclature
1-2 Inoculum + Water Control
3-5 Inoculum + Liquid fraction L+1
6-8 Inoculum + 75% Liquid fraction + 25% Semi-liquid fraction 75L + 255 +1

9-11 Inoculum + 50% Liquid fraction + 50% Semi-liquid fraction 50L + 505 +1
12-14 Inoculum + 25% Liquid fraction + 75% Semi-liquid fraction 25L +755 +1
15-17 Inoculum + Semi-liquid fraction S+1

To evaluate the benefits of phase separation, parallel Conventional Mono-Stage Anaer-
obic Digestion batch assays were conducted. These assays utilized the identical substrate
mixture (liquid and semi-liquid fractions) and inoculum at the same organic loading ratios
as those employed in the sequential TPAcD process. The mono-stage tests were carried out
under mesophilic conditions, maintaining the same substrates and inoculum-to-substrate
ratio used for the methanogenic stage of the sequential system. The biomethane yield
obtained from this conventional process served as the comparative reference to quantify the
impact and efficiency gains provided by the sequential acidogenic/methanogenic process.

2.2. Sample Characterization

Initial and final characterizations of substrates, inocula, and mixtures were carried
out to evaluate biodegradability and calculate the green hydrogen and biomethane yields.
Standard physicochemical analyses were performed to determine [25]: pH, total and soluble
chemical oxygen demand (CODt, CODs), total solids (TS), volatile solids (VS), volatile fatty
acids (VFAs), alkalinity, and ammoniacal nitrogen. The pH was monitored with a SensION+
pH meter calibrated at pH 4, 7, and 9 (method 4500B, APHA). COD was measured according
to the standard colorimetric method 5520D [25]. CODt was determined directly from
diluted samples, while CODs was measured after centrifugation at 13,000 rpm for 10 min
using an Unicen 21 centrifuge (Alvarez Redondo, S.A., Ortoalresa, Daganzo, Madrid,
Spain), followed by analysis of the supernatant. Absorbance was measured at 610 nm with
a HI 83399 multiparametric photometer. TS and VS were determined gravimetrically by
following method 2540B (APHA). VFAs were quantified using a Shimadzu GC-2010 Plus
gas chromatograph. Samples were centrifuged, filtered (0.22 um), and prepared with an
internal standard solution (phosphoric acid/phenol, 4:1). The main VFAs analyzed were
acetic, propionic, butyric, isobutyric, isovaleric, isocaproic, caproic, and heptanoic acids.
Concentrations were expressed as g/L of acetic acid equivalent. The VFAs were quantified
by gas chromatography using a Shimadzu GC-2010 equipped with an automatic injector
Shimadzu AOC-20i and a flame ionization detector (FID) (Shimadzu Corporation, Kyoto,
Japan). Chromatographic separation was achieved on a polar capillary column Nukol
(30 m x 0.25mm i.d., 0.25 um film thickness), consisting of nitroterephthalic acid-modified
polyethylene glycol, which enables efficient resolution of VFAs according to their polarity
and acid strength. A 1 uL sample volume was injected automatically in split mode (1:25),
with the injector maintained at 250 °C and a purge flow of 5 mL/min. Hydrogen was used
as the carrier gas (42.1 mL/min, 75.5 kPa), corresponding to a linear velocity of 45 cm/s and
a column flow of 1.43 mL/min under the applied split and purge conditions. The FID was
operated with synthetic air (400 mL/min, 50 kPa) and hydrogen (40 mL/min, 60 kPa). The
oven temperature program consisted of an initial temperature of 115 °C that was held for
0.5 min, followed by ramps of 30 °C/min to 150 °C and 15 °C/min to 180 °C, with a final
hold at 180 °C for 4 min. Quantification was performed using a commercial certified VFA
standard mixture (Sigma-Aldrich Supelco, Bellefonte, PA, USA, CRM46975, Sigma-Aldrich,
Bellefonte, PA, USA). The standard was diluted to several concentration levels, covering
the expected sample range, and calibration curves were obtained by plotting the peak area
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versus concentration, showing good linearity (R > 0.99). Ammoniacal nitrogen (NH3-N)
was determined using a HI 83399 multiparametric photometer (Hanna®, Woonsocket, RI,
USA), following the ammonium HR method at 420 nm. Alkalinity was measured with the
Hanna® alkalinity test kit and HI 83399 photometer, following the manufacturer’s protocol.

Additionally, the biogas, both green hydrogen and biomethane, were quantified.
Gas pressure in the reactors was measured daily with a C95071S manometer (Dwyer
Instruments, Inc., Michigan, IN, USA) through septa in the reactor caps. Gas volumes
were calculated through the Ideal Gas Law. Hydrogen concentration in the biogas was
determined by gas chromatography (Shimadzu GC-2010 Plus) using nitrogen as the carrier
gas. Related to the biogas composition (Hy, O,, CHy4, and COy), it was determined by
gas chromatography using a Shimadzu GC-2010 equipped with a thermal conductivity
detector (TCD). Gas samples were collected from Tedlar® bags (DuPont Electronics, Inc.,
Wilmington, DE, USA) using a 0.5 mL gas-tight syringe, and 0.2 mL was injected manually
into the chromatograph. Separation was carried out on a Supelco Carboxen 1010 PLOT
column (30 m x 0.53 mm) (Merck KGaA, Bellefonte, PA, USA), suitable for permanent
gases and light compounds. The injector temperature was set at 150 °C, and nitrogen
was used as the carrier gas at a flow rate of 7.67 mL/min (35 kPa). The oven temperature
program started at 50 °C and was increased at 10 °C/min to 80 °C, which was held for
5 min. Quantification was based on calibration with certified gas mixtures containing
different known concentrations of H,, O,, CHy, and CO,. Individual calibration curves
were constructed for each gas under the same analytical conditions as the samples and
were used to quantify the biogas composition, expressed as volumetric percentages (%
v/v). Additionally, the samples (0.25 mL) were extracted directly from the headspace and
injected manually. Biomethane concentration was measured with a BIOGAS 5000 portable
gas analyzer (Geotech, Denver, CO, USA), which also provided readings for CO,, O,, Hp,
CO, and H,S. All the biogas values are given in normalized conditions (273.15 K and 1 atm).

Anaerobic microbiota, including Eubacteria and Archaea, were analyzed in the reactors
using Fluorescence In Situ Hybridization (FISH) with 16S rRNA-targeted oligonucleotide
probes. Samples were collected before and after digestion, preserved with absolute ethanol
(1:1 v/v), and stored at —20 °C until analysis. For high-solid samples, pre-treatment with
Tween 80 and 120 s shaking was applied prior to fixation. FISH procedures involved cell
fixation, permeabilization, and hybridization with the following specific oligonucleotide
probes: EUB338, ARC915, MSAE825, and MBAC1174. The relative abundances of Eubacte-
ria and Archaea were determined by direct microscopic enumeration using a Zeiss Axio
Imager Upright epifluorescence microscope (Carl Zeiss Microscopy GmbH, Jena, Germany)
equipped with a 100 W mercury lamp and 100 x oil immersion objective.

2.3. Calculation of Removal Efficiencies and Yields

Removal efficiencies of total and soluble chemical oxygen demand (CODt and CODs),
total solids (TS), and volatile solids (VS) were determined based on the difference between
their initial (0) and final (f) concentrations, following standard calculation procedures. The
specific yields of green hydrogen (H;) and biomethane (CH,) were quantified relative to
the initial TS, VS, CODs, and CODt contents, allowing for a direct comparison of substrate
conversion efficiency under different operational conditions.

2.4. Statistical Analysis

All batch assays were conducted in triplicate for each experimental condition, in-
cluding the different substrate mixing ratios, with one control reactor (inoculum + water)
per inoculum. Results are expressed as mean values £ standard error (SE), calculated
from three independent replicates. Biogas production (green hydrogen and biomethane)
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was monitored daily until stabilization was achieved. Biogas stabilization was defined
as the point at which the cumulative gas production varied by less than 5% over three
consecutive days, indicating negligible additional gas generation and completion of the
biological conversion process. Removal efficiencies and specific gas yields were calculated
based on the initial and final values of total solids (TS), volatile solids (VS), total chemical
oxygen demand (CODt), and soluble chemical oxygen demand (CODs). Statistical data
processing, including calculation of means and standard errors, was performed using stan-
dard spreadsheet software (Microsoft Excel®). Statistical significance was evaluated using
Minitab® 18 software (Minitab Inc., State College, PA, USA) through a one-way Analysis of
Variance (ANOVA) to determine the effect of the reactor configuration (L/S ratio) on the
performance parameters of the coupled two-stage system (BHP and BMP).

3. Results and Discussion
3.1. Characterization of Inocula and Substrate Mixtures

Table 2 shows the initial characterization of the semi-liquid fraction (S), liquid fraction
(L), their mixtures at different ratios (75L + 25S, 50L + 50S, 25L + 75S), and the inocula:
thermophilic (IT) and mesophilic (IM).

Table 2. Characterization of substrates, inocula, and mixtures—IT: inocula thermophilic; IM: inocula
mesophilic; S: semi-liquid fraction; L: liquid fraction.

L 75L + 25S 50L + 50S 25L + 75S S IT IM

pH 6.95 7.08 7.11 7.15 7.16 4.98 7.71
CODx (g02/L) 1.78 £0.71 12.09 £ 0.89 16.63 £ 0.15 16.38 £ 0.18 19.46 £ 0.36 23.60 + 0.81 47.54 +0.73
COD; (g0, /L) 0.71 £ 0.25 0.34 +0.14 0.24 +£0.17 0.44+£0.15 0.59 +£0.13 9.70 £ 0.77 10.84 4 0.45
TS (g/L) 1.29 £ 0.04 16.57 £ 0.64 29.29 £+ 1.60 38.93 + 0.94 39.01 &+ 8.37 22.88 +0.12 34.08 = 0.02
VS (g/L) 0.23 £0.10 11.79 £ 0.66 21.72+1.31 28.95+0.79 29.71 £ 6.90 1543 £ 0.17 23.64 +0.24
VFA (g/L) 0.463 +0.126 0.371 + 0.043 0.122 4 0.048 0.123 + 0.091 0.891 + 0.142 0.3285 + 0.103 0.664 + 0.109

Ratio (C/N) 8.53 + 0.69 19.56 £ 3.26 29.32 +4.87 38.98 £ 3.81 48.32 £9.63 na* na*

*na: Not applicable.

The substrate mixtures, semi-liquid fraction, and liquid fraction exhibit a near-neutral
pH (7.0-7.2). The thermophilic inoculum (IT) has a much lower pH (4.98), consistent with
acidogenic conditions, which enhances hydrolysis and acidogenesis by selectively favor-
ing fermentative bacteria while suppressing methanogenic activity, thereby maximizing
volatile fatty acid (VFA) and hydrogen production. The IM is higher (7.7), aligning with
the stability of methanogenic consortia to achieve consistent methane production. The
two-phase system ensures that acidogens are favored in the first stage while methanogens
are promoted in the second phase. The pH control is crucial in the acidogenic stage, with
values 5-6, which enhances VFA accumulation and hydrogen production, while neutral to
slightly alkaline pH is preferable for methanogenesis [26].

According to the organic matter, the CODt increases with a higher semi-liquid fraction:
from 1.78 gO, /L (L) to 19.46 gO, /L (S). This shows that the semi-liquid fraction has more
organic load, but in a non-soluble or suspended form, as evidenced by relatively low CODs
in the semi-liquid fraction vs. higher CODs in the liquid fraction and mixtures with high
liquid fraction content [27]. The ratio CODs/CODt is highest for E, indicating more readily
biodegradable dissolved organics. The CODs is relevant for the acidogenic phase since it is
more quickly utilized by microorganisms [13].

The semi-liquid fraction showed high content in solids: 39 g/L TS and 29.7 g/L VS,
while liquid fraction was less concentrated: 1.29 g/L TS and 0.23 g/L VS. Considering the
Volatile Solids (VS) content relative to Total Solids (TS), the VS/TS ratio was substantially
higher in the semi-liquid fraction (76.2%) compared to the liquid fraction (17.8%). This
indicates that the semi-liquid fraction contained a greater proportion of readily volatile and

https:/ /doi.org/10.3390 /biomass6020027


https://doi.org/10.3390/biomass6020027

Biomass 2026, 6, 27

8 of 22

potentially bioavailable organic material. Consequently, the VS/TS ratio of the mixtures
declined as the proportion of the liquid fraction increased. The VS content serves as the
initial proxy for the potential energy content and the readily convertible organic load in the
substrate, distinguishing it from inert solids. The significantly higher VS/TS ratio in the
semi-liquid fraction, therefore, indicates a greater initial potential for microbial conversion
relative to the total mass, which is a key factor in maximizing the Organic Loading Rate
(OLR) [7,28]. Thus, the co-digestion strategy is justified by this complementary nature:
mixing the high-organic-load semi-liquid fraction with the more fluid and potentially
more bioavailable liquid fraction helps overcome limitations in mass transfer and substrate
contact, thereby synergistically optimizing the overall degradation rates and bioconversion
efficiency [29]. Reference to VFA, the high concentrations in inoculum, especially in the
thermophilic one, 3285 mg/L, suggest that the inoculum is already producing or carrying
over acid products, which is likely due to prior acidogenic activity [30]. Among the
substrates, L has the highest VFA, 462.93 mg/L, and the semi-liquid fraction has the lowest,
89.16 mg/L. The increment of L in the mixtures implies the higher VFA, which can mean
that the liquid fraction contributes more immediately fermentable components [31].

3.2. Evaluation of Biochemical Hydrogen Potential (BHP) of Slaughterhouse Waste Codigestion

The Biochemical Hydrogen Potential (BHP) was assessed during the first stage of the
sequential thermophilic-acidogenic process (TPAD) through Dark Fermentation (DF) batch
tests, aiming to maximize hydrogen production. Table 3 shows the characterization of the
main parameters at the beginning and the end of the BHP.

Table 3. Characterization of pH, total and soluble COD, total solids (TS), and volatile solids (VS), and
alkalinity at the beginning and the end of the BHP assays—IT: inocula thermophilic; S: semi-liquid
fraction; L: liquid fraction *.

L+IT 75L + 258 + IT 50L + 50S + IT 25L + 75S +IT S+IT
PH initial 5.37 5.36 5.36 5.39 5.30
PH final 4.78 5.56 5.36 5.13 5.49
COD; initial (802/L) 14.00 + 0.23 16.04 £+ 0.98 20.33 - 0.43 22.38 +0.78 31.31 £ 0.23
COD finq) (802/L) 2.66 + 0.45 12.09 £ 0.34 16.09 £+ 0.54 18.87 £ 0.34 28.57 + 0.87
COD; removed (%) 81.01 24.62 20.86 15.69 8.72
CODxy jnitial (802/L) 0.44 +0.13 2.73 +0.28 3.51 +0.83 0.49 +0.18 0.54 +0.15
COD fina1 (802/L) 497 £0.23 3.76 £ 0.39 4.78 + 0.93 6.73 £ 0.71 3.32 +0.23
COD; produced (%) 1030.38 375 36.11 1280.00 518.18
TS initial (8/L) 15.81 £ 0.12 34.71 £ 0.81 3554 +1.14 41.90 4+ 0.95 37.66 + 3.66
TS finar (g/L) 12.83 +£0.28 26.42 + 0.88 18.72 £ 0.81 16.80 £ 0.13 19.23 £0.13
TS removed (%) 18.74 + 0.28 23.87 +0.29 47.34 4+ 0.42 59.91 £+ 0.46 48.94 +1.04
VS initial (g/L) 12.53 + 0.40 26.75 + 0.88 26.63 = 0.75 32.21 £ 0.62 43.36 - 1.134
VS fnal (g/L1) 9.23 £ 0.32 19.46 + 0.62 16.41 £ 0.00 20.24 + 2.64 26.75 4+ 0.40
VS removed (%) 25.92 22.25 38.38 37.17 67.19
Alkalinity ;44 (mg/L) 4200 4+ 523 3850 4 436 5200 + 752 4700 + 352 5600 + 269
Alkalinity ¢, (mg/L) 1450 + 214 1750 4+ 321 1950 + 147 1700 £ 156 2050 + 201

* The data are presented as the mean + pm standard deviation. Subscripts and abbreviations are defined as the
following: initial value » time t = 0; final value - stabilization reached; % removal = removal percentage calculated
as [(initial — final)/initial] x 100.

3.2.1. Performance of pH and Organic Matter

During the BHP assays, acidic conditions (pH 5.5-6.0) were maintained to stimulate
hydrolytic and acidogenic activity while suppressing methanogens, whose activity is
strongly inhibited below this pH range [32-34]. In fact, the initial pH of the mixtures was
adjusted and maintained in an acidic range between 4.78 and 5.56, via constant acidification
using HCI. The lowest final pH was recorded for the liquid fraction (L + IT) mixture,
reaching 4.78.
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Regarding the Chemical Oxygen Demand (COD), a consumption of organic matter was
observed, evidenced by the decrease in the Total COD (CODy) across all assays. For instance,
the 75L + 25S + IT mixture showed a COD; drop from 16.04 g O, /L to 12.09 g O, /L.

The Soluble COD (CODs) concentration increased in all assays at the end of the BHP
phase. This indicates effective organic matter solubilization during the hydrolysis stage,
making the organic matter more available for microbiological uptake in later stages. In fact,
Ref. [34] showed that in hydrolytic—acidogenic reactors, a lower HRT or higher temperature
favors high SCOD (or CODs) and VFA accumulation. The Liquid fraction assay (L + IT)
exhibited the highest increase, rising from 0.44 pm 0.13 g O, /L to 4.97 pm 0.23 g O, /L,
representing an increment of 1030.38%.

The efficiency of COD; elimination gradually decreased as the proportion of semi-
liquid fraction increased (from 81.01% for L + IT to 8.72% for S + IT). This pattern is
attributed to the complex nature of the semi-liquid fraction (S), which is less readily
biodegradable than the liquid fraction (L). In fact, the high initial COD removal in the
hydrolysis/acidogenesis phase for L + IT is primarily due to the conversion of organic
matter into Volatile Fatty Acids (VFA) (Section 3.2.2). Conversely, the removal efficiency
of Total Solids (TS) and Volatile Solids (VS) showed an increase with higher semi-liquid
fraction concentrations. The S + IT assay achieved the remarkable removal rates (48.94% TS
and 67.19% VS), compared to L + IT (18.74% of TS and 25.92% of VS). This reduction in VS
confirms the conversion of complex organic solids into simpler, more volatile compounds
through acidogenic microbiological activity.

3.2.2. Volatile Fatty Acids (VFA) Production

Analysis of metabolic byproducts showed a substantial increase in total Volatile Fatty
Acid (VFA) concentrations across all tested mixtures, confirming the acidogenic activity
(Figure 2). The highest VFA production was observed in the semi-liquid fraction (S + IT)
assay (2123.67 mg/L), followed closely by the liquid fraction (L + IT) assay (1949.39 mg/L).
Among all the acids, acetic acid was identified as the most abundant VFA. Acetic acid is the
main direct precursor for methane production, whereas propionic acid is more problematic
due to its thermodynamically constrained degradation and its inhibitory effects on methano-
genesis, even at low concentrations, ultimately hindering biogas production. However,
Ref. [35] shows that a high acetic/proprionic acid ratio is favorable to anaerobic diges-
tion performance. The observed VFA generation suggests that mixtures that successfully
transform more organic matter into VFA are expected to yield higher biogas production.
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Figure 2. VFA concentration at the beginning (0) and the final (f) of the BHP of slaughterhouse
waste codigestion.
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3.2.3. Total Ammoniacal Nitrogen (TAN) and Alkalinity in BHP

Total Ammoniacal Nitrogen (TAN) concentrations increased in all assays during the
BHP phase because of the hydrolysis of proteins and nitrogenous compounds from the
semi-liquid fraction and liquid fraction in the initial stages of anaerobic digestion. Although
a high nitrogen content in slaughterhouse residues is often reported as a potential inhibitory
factor [28], in this study, TAN levels remained well below the thresholds typically associated
with inhibition, generally above 1.5-3.0 g TAN/L [36,37], thus ensuring process stability.
For instance, TAN for L + IT increased from 69.2 mg/L to 78.7 mg/L.

Crucially, the final TAN concentrations remained far below the known inhibition
threshold (3.8 g/L), indicating that inhibition due to nitrogen compounds did not occur
during this phase.

As expected in an acidogenic environment, alkalinity, which measures the medium’s
capacity to neutralize acids, decreased notably in all assays. The semi-liquid fraction
(S + IT) initially provided the highest alkalinity (5600 mg CaCO3/L). Semi-liquid fraction-
rich reactors have higher initial alkalinity and witness a larger absolute buffer content,
which helps moderate pH swings. This suggests that including the semi-liquid fraction in
the ratio may help with buffering, but also, the semi-liquid fraction brings complexity and
slower acid accumulation.

However, the largest decrease was observed in the Liquid fraction (L + IT) assay, from
4200 to 1450 mg CaCO3 /L, which correlates with its higher hydrogen production, increased
acid generation, and consumption of buffering capacity.

3.2.4. Green Hydrogen Yield

The accumulated green H; production was monitored over 23 days (Figure 3) until
the biogas generation stabilized and the cessation of the assays. The biogas production
from the inocula IT 55 °C-H,- was subtracted from the total biogas production (H; and
CHy, respectively, in BHP and BMP) to accurately represent the H, yield from the reactors.

10

Accumulated Green Hidrogen Production (mL)
(6}

25

Time (days)

—e—Liquid -—e—75L+25S —o—50L+50S —e—25L+75S —e—Semi-Liquid —e—IT

Figure 3. Accumulated green hydrogen production from slaughterhouse waste codigestion.
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The liquid fraction (L + IT) was the most efficient substrate for hydrogen production,
accumulating 9.51 mL Hy. In fact, H, production showed a decreasing trend as the semi-
liquid fraction concentration increased, reaching a minimum of 3.46 mL Hj for L + IT.
This pattern aligns with the initial characterization, where L + IT exhibited higher initial
VFA concentrations, which potentiate the acidogenesis stage and Hy production. The
higher hydrogen production observed in the L + IT condition was mainly related to
the biodegradability of the liquid fraction rather than to the initial pH alone. Although
L +IT exhibited a lower initial pH due to higher VFA content, values remained within the
optimal range for acidogenic hydrogen-producing bacteria and promoted fermentative
pathways associated with hydrogen generation. Increasing proportions of the semi-liquid
fraction introduced more complex organic matter, limiting hydrolysis and reducing Hy
accumulation. Consequently, the acidic conditions in L + IT reflect enhanced acidogenic
activity rather than a direct pH-driven effect. The final H; yields, calculated relative to the
initial volatile solids (VS), are presented in Table 4.

Table 4. Green hydrogen yields of the slaughterhouse waste codigestion—IT: inocula thermophilic;
S: semi-liquid fraction; L: liquid fraction.

mL H,/g VS mL H,/g CODs
L+IT 6.32 + 1.02 15.95 + 2.01
75L + 258 + IT 1.77 £ 0.41 12.59 4+ 2.36
50L + 50S + IT 1.77 £ 0.47 13.41 + 3.09
25L + 75S + IT 1.12 +0.09 5.37 + 1.85
S+IT 0.66 = 0.20 8.68 + 1.30

The maximum observed hydrogen yield of 6.32 mL H, /g VS during the hydrogen pro-
duction stage at 55 °C is herein classified as a limited yield. The hydrogen yields obtained
in this study (maximum 6.32 mL H, /g VS) were lower than those typically reported for
carbohydrate-rich substrates, which can be attributed to the complex, protein-rich nature
of slaughterhouse waste. The low C/N ratio and high buffering capacity of the substrate
promoted VFA and ammonium accumulation, thereby shifting fermentation pathways
away from optimal hydrogen production. Moreover, the operational conditions applied
during the thermophilic-acidogenic phase (BHP) of the two-phase anaerobic co-digestion
(TPAcD) process were deliberately selected to balance acidogenesis and VFA generation for
subsequent methanogenesis rather than to maximize hydrogen production alone. Microbial
competition, including potential hydrogen consumption by homoacetogens and residual
methanogens, further constrained the measurable H, output. Consequently, the observed
hydrogen yields obtained with the liquid fraction mixture (L + IT) are consistent with a
two-stage anaerobic digestion strategy aimed at maximizing overall energy recovery and
process stability instead of standalone hydrogen optimization. The literature reports that
substantially higher yields in comparable co-fermentation systems [38] achieved hydrogen
yields of 35.19 mL Hjy /g VS,4ded in the co-fermentation of sewage semi-liquid fraction with
wine vinasse under thermophilic conditions. On the other hand, the co-digestion system
combining sewage semi-liquid fraction, vinasse, and poultry manure with phase-separated
acidogenic and methanogenic stages, achieved a hydrogen yield of 40.41 mL Hy/g VS,4ded
in the acidogenic phase at 5 days HRT.

Systems using the organic fraction of municipal solid waste (OFMSW) have been
given in the first stage yields of 40-50 mL H, /g VS [39]. In contrast, hydrogen yields from
waste activated semi-liquid fraction alone typically remain below 25 mL H; /g VS under
many operational schemes [40].
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3.2.5. Microbiological Analysis of Acidogenic-Thermophilic Phase

The low hydrogen productivity observed in this study can be attributed to an unfa-
vorable microbiological community structure in which hydrogen consumers outcompete
hydrogen producers. The homoacengs are represented at 25% over the total bacteria in
the system. In fact, in systems exhibiting limited H, yields, a higher proportion of Hj-
consuming homoacetogens to produce acetate can be reported, consuming 43% of the Hp
yield [41].

On the other hand, the hydrogenotrophic methanogens was 18%. This archaeal
presence is primarily attributable to the residual load introduced with the thermophilic
inoculum. Despite their physical persistence, methane production remained extremely
low (typically <2%), indicating that pH control was kinetically effective in suppressing
methanogenic activity. Nevertheless, the residual hydrogenotrophic methanogens likely
acted as a significant hydrogen sink, contributing to the low observed H, yields. Therefore,
while pH successfully inhibited CH, formation, it did not eliminate the archaeal biomass,
which competed for the nascent hydrogen during the thermophilic acidogenic stage. The
results were in concordance with [38,39], since the archaeal community, with respect
to hydrogenotrophic methanogens such as Methanothermobacter, Methanobrevibacter, and
Methanoculleus, typically constitutes 8-20% of the total microbiological population under
thermophilic conditions. This microbiological distribution explains the low net hydrogen
yield (6.32 mL H, g~! VS) observed: although hydrogenogenic bacteria are present, a
considerable fraction of the biomass—particularly homoacetogens and hydrogenotrophic
methanogens—actively consumes Hj before it can accumulate as gas. The competition
between homoacetogens and methanogens during the acidogenic-thermophilic phase can
modulate hydrogen availability, redirecting metabolic fluxes toward acetate formation.
Such competition for molecular hydrogen between bacteria and archaea has been widely
recognized as a key limitation in dark fermentation and two-phase anaerobic systems [42],
but promotes the acetate to be consumed in the following methanogenic phase [43]. In
fact, although hydrogen production may be limited in the first stage, the acetate generated
provides a readily utilizable substrate for acetoclastic methanogens in the subsequent
mesophilic phase, enhancing overall energy recovery.

3.3. Evaluation of Biochemical Methane Potential (BMP) in a Sequential TPAD of Slaughterhouse
Waste Codigestion

The BMP assay was conducted in the second stage of the sequential TPAD process,
operating under mesophilic (35 °C) and methanogenic conditions. The feedstock for this
stage was the liquid fraction generated from the previous thermophilic-acidogenic (BHP)
phase, which was rich in intermediate products, particularly volatile fatty acids (VFA),
restoring the neutral pH [16,44]. This phase aims to maximize methane (CH,) production
and reduce the remaining organic load. Table 5 shows the characterization of the main
parameters at the beginning and the end of the BMP.

Table 5. Characterization of pH, total and soluble COD, total solids (TS), volatile solids (VS), and
alkalinity at the beginning and the end of the BMP assays—IM: inocula mesophilic; S: semi-liquid
fraction; L: liquid fraction *.

L+IM 75L + 258 + IM 50L + 50S + IM 25L + 75S + IM S+IM
PH initial 7.43 7.18 7.41 7.29 7.36
PH final 7.61 7.42 7.53 7.49 7.43
COD4 jnitial (802/L) 8.07 £0.79 10.63 £ 0.81 18.90 £ 1.96 19.02 £+ 1.83 27.94 +£ 091
COD:4 fina1 (g02/L) 6.63 £ 0.64 9.9 +0.45 12.97 £+ 0.87 13.65 +£0.43 15.51 £ 0.82
COD; removed (%) 17.82 6.88 28.30 28.21 44 .50
CODsg jnitial (802/L) 2.07 £0.92 1.02 £0.92 2.10 +0.45 5.46 +0.23 8.39 +0.82
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Table 5. Cont.
L+IM 75L + 258 + IM 50L + 50S + IM 25L + 758 + IM S+IM
COD:j fna1 (g02/L) 4.19 £ 0.78 3.44 +0.76 1.95+0.23 2.24 + 0.48 2.78 +£0.88
CODg produced (%) —102.35 —235.71 7.14 58.97 80.46
TS initial (&/L) 21.72 +0.39 27.45 + 0.23 31.64 +0.11 3245+ 0.12 40.18 +2.81
TS finar (g/L) 18.82 £ 0.13 23.47 + 0.09 2742 +0.34 23.97 £+ 0.02 33.98 +2.21
TS temoved (%) 13.37 27.11 26.46 25.73 15.42
VS initial (8/L) 15.14 +£0.28 20.01 + 0.07 23.27 + 0.03 24.10 + 0.03 2951 +2.21
VS final (g/L) 1194 + 0.54 17.52 £ 0.04 19.58 + 0.29 17.04 £+ 0.07 24.21 +0.51
VS (emoved (%) 21.14 25.35 28.58 28.92 17.97
Alkalinity jnjia1 (mg/L) 6500 4+ 800 6200 + 200 6050 4+ 550 6500 + 450 6400 + 200
Alkalinity g4 (mg/L) 8500 =+ 450 7500 £+ 150 7000 4 300 7700 + 850 7700 4 450

* The data are presented as the mean + pm standard deviation. Subscripts and abbreviations are defined as
follows: initial value - time t = 0; final value - stabilization reached; % removal = removal percentage calculated
as [(initial — final)/initial] x 100.

3.3.1. Performance of pH and Solids: Total and Volatile

The initial pH values of the BMP mixtures (Liquid fraction L + IM to Semi-liquid
fraction L + IM) ranged from 7.18 to 7.43. By the end of the 40-day assay, the final pH
values exhibited a slight increase, stabilizing between 7.42 and 7.61. This stable pH range
is ideal for methanogenic microorganisms, which typically thrive between pH 6.5-8.2,
with an optimum near pH 7.0. The stability and increase in pH are favorable outcomes
of the complex microbiological consortium’s ability to self-regulate the environment by
consuming acidic intermediates [45].

In terms of organic matter removal, the total Chemical Oxygen Demand (CODt)
decreased across all proportions, confirming the degradation of organic matter during
methanogenesis. The highest CODt elimination, 44.50%, was achieved by the semi-liquid
fraction (L + IM) mixture, followed by 50L + 50S + IM (28.30%) and 25L + 755 + IM (28.21%).
Conversely, the Liquid fraction (L + IM) and 75L + 25S + IM mixtures registered negative
CODs elimination percentages, which indicates a net increase in soluble organic matter due
to the solubilization of suspended solids, like the process observed in the BHP stage. This
transformation makes the material available for further microbiological consumption.

The removal of Total Solids (TS) and Volatile Solids (VS) ranged from 13.37% to 27.11%
for TS and 17.97% to 28.92% for VS. The highest VS removal (28.92%) occurred in the
25L + 755 + IM mixture. Mixtures rich in the semi-liquid fraction exhibited higher CODt
elimination, suggesting that higher semi-liquid fraction concentrations lead to a greater
consumption of organic matter and potentially superior methane productivity.

3.3.2. Volatile Fatty Acids (VFA) Consumption

The VFA produced during the initial BHP stage served as essential precursors for
methanogenesis in the BMP stage. The results showed a significant consumption of initial
VFA across all proportions (Figure 4). Specifically, propionic acid disappeared entirely
in all assays. The consumption of VFA is critical as it directly facilitates the acetogenesis
and methanogenesis pathways [16,46,47]. A direct relationship was observed where the
mixtures exhibiting higher consumption of total VFA were also the mixtures that generated
the greatest volumes of biogas. The lowest final VFA concentration, 159.17 mg/L, was
recorded for the 75L + 255 + IM assay.
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Figure 4. VFA concentration at the beginning (0) and the final (f) of the BMP of slaughterhouse
waste codigestion.

3.3.3. Total Ammoniacal Nitrogen (TAN) and Alkalinity in BMP

The increase in Total Ammoniacal Nitrogen (TAN) observed during the BHP phase
can be interpreted as an indicator of beneficial hydrolysis rather than inhibition, as protein-
based compounds are broken down, releasing ammoniacal nitrogen and reflecting effective
substrate degradation. However, the TAN concentrations decreased across all assays during
the BMP phase. For instance, TAN for the 75L + 255 + IM mixture dropped from 101.3 mg/L
to 60.9 mg/L. This reduction is favorable and is explained by the consumption of nitrogen
compounds during microbiological metabolism. In fact, the initial rise in TAN does not
indicate inhibitory conditions, as concentrations subsequently decreased across all assays,
reaching final values (56.0-61.0 mg/L) well below the documented ammonia inhibition
thresholds [37,48].

Alkalinity values increased during the BMP phase in all mixtures. The initially high
alkalinity of the semi-liquid fraction played a key role in maintaining pH stability by
buffering acid accumulation, while the observed increase during the BMP phase further
supports process stability through the consumption of VFAs by methanogens and acetogens.
Thus, the alkalinity of 25L + 755 + IM increased from 6500 mg CaCO3/L initially to
7700 mg CaCO3 /L at the end. This increase contrasts with the decrease seen in the BHP
phase and is a result of the consumption of VFA by methanogens and acetogens. As
alkalinity rises, the process becomes more stable because the system’s capacity to buffer
against acid accumulation is enhanced. This is consistent with the consumption of acids
and the buffering action. This supports process stability and matches behavior in other
two-phase AD studies: acids from the acidogenic phase are neutralized or consumed in the
methanogenic stage, leading to rising alkalinity [14,16].

3.3.4. Biomethane Yield

Accumulated CHy production was monitored for 40 days, until gas production stabi-
lized and the end of the assays (Figure 5). As indicated previously, the biogas production
from the inocula, IM 35 °C -CHy-, represented in Figure 5, was subtracted from the total
biogas production (CHy, respectively, in BMP) to accurately represent the CHy yield from
the reactors. Throughout the entire assay, the biogas composition remained highly stable,
averaging 60-65% CHy and 35—40% CO,.
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Figure 5. Accumulated biomethane production from slaughterhouse waste codigestion.

The Semi-liquid fraction (S + IM) mixture was the top performer in methane pro-
duction, achieving a cumulative volume of 1847.67 mL (1.85 L) in 40 days. Biomethane
production exhibited a clear inverse correlation with the proportion of Liquid fraction,
decreasing to 319.49 mL for the liquid fraction (L + IM) assay. This high production capacity
in the semi-liquid fraction is attributed to its high organic load and the concentration of
VEFA carried over from the BHP stage. In fact, the CHy yields relative to initial Volatile
Solids (VS) ranged significantly (Table 6).

Table 6. Biomethane yields of the slaughterhouse waste codigestion.

Experimental Results Theoretical Results

mL CH,/g VS mL CH,/g COD; mL CH,/g COD; mL CH,/g VS
L+IM 175.85 + 20.56 1286.19 + 35.24 329.92 + 63.20 175.80
75L + 258 + IM 379.19 + 57.56 7438.73 - 200.20 713.78 + 63.24 262.33
50L + 50S + IM 380.40 & 41.23 4215.24 + 36.58 468.36 & 41.27 348.81
25L + 75S + IM 49546 + 65.54 2186.90 =+ 147.89 627.79 + 74.25 435.28
S + IM 521.76 + 89.65 1835.19 + 57.96 551.08 & 52.14 521.76

The maximum yield of 521.76 mL CH,4/g VS was achieved by L + IM. For compar-
ison, the literature reports BMP values typically ranging from 58 to 482 mL/g VS for
diverse substrates, and yields up to 335 mL CHy4 /g VS have been reported for food waste
in two-phase AD. For instance, Ref. [28], in co-digestion of slaughterhouse waste with
the sewage semi-liquid fraction, reported methane yields exceeding 600 dm® CHy/kg
VS (600 mL CHy4/g VS). The high yields observed here demonstrate the efficacy of the
acidogenic pre-treatment stage in maximizing subsequent methanogenesis. The highest
yield for a co-digestion mixture was 495.46 mL CHy /g VS for the 25L + 755 + IM ratio. The
methane potential of the slaughterhouse waste mixtures exhibited a synergistic effect when
compared to the expected additive contributions of the individual fractions. Specifically,
the 75L + 255 mixture produced 379.2 mL CHy /g VS, exceeding the calculated additive
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potential of 262.3 mL/g VS by 44.5%, indicating enhanced microbial conversion likely due
to improved substrate balance. The 50L + 50S and 25L + 75S combinations also showed
positive synergy, with observed methane yields of 9.1% and 13.8% higher than expected,
respectively. These results suggest that the co-digestion of liquid and semi-liquid fractions
not only optimizes overall methane production but may also mitigate limitations inherent
to the individual substrates, such as recalcitrant compounds in the semi-liquid fraction or
low organic loading in the liquid fraction.

On the other hand, a COD balance was developed to evaluate organic matter conver-
sion and energy recovery in the two-phase temperature anaerobic co-digestion (TPAcD)
process. The process separates anaerobic digestion into a thermophilic acidogenic hydrogen-
producing phase (BHP, 55 °C) and a mesophilic methanogenic phase (BMP, 35 °C), improv-
ing COD partitioning toward gaseous energy carriers. During the BHP phase, extensive
hydrolysis and solubilization of organic matter were observed. Total COD removal reached
81.01% in the liquid fraction, while soluble COD increased by more than 1000%, con-
firming efficient conversion of particulate COD into soluble intermediates and volatile
fatty acids (VFAs). Volatile solids removal reached 67.19%, and maximum VFA concen-
trations of 2123.67 mg L~! indicated intense acidogenic activity. Part of the converted
COD was directly recovered as hydrogen, with a maximum yield of 6.32 mL H,/g VS
(15.95 mL H, g~! CODs). The soluble COD and VFAs generated during BHP were subse-
quently converted into methane during the BMP phase. Total COD removal reached 44.50%,
accompanied by additional VS removal and stable process conditions, as indicated by final
pH values between 7.42 and 7.61 and increased alkalinity. Methane yields reached up to
521.76 mL CHy/g VS, with a stable biogas composition of 60-65% CHj. From a global COD
balance perspective, TPAcD enabled sequential recovery of hydrogen and methane, maxi-
mizing energy recovery from organic matter. Although hydrogen represented a smaller
fraction of COD conversion, its integration with methane supports hythane production and
enhances the energetic value of the gaseous output.

Statistical significance was assessed using a one-way ANOVA to evaluate the influence
of the substrate configuration on the performance of the two-stage system (Table 7). In the
acidogenic phase (BHP), the configuration of the reactors had a highly significant impact
on both organic matter removal (F_{4, 10} = 346.80, p < 0.001) and solubilization efficiency
(F_{4,10} = 185.12, p < 0.001). These results, supported by the low residual error (MS = 6.76),
confirm that the hydrolytic capacity of the thermophilic stage is strictly dependent on the
initial solid-to-liquid ratio. Subsequently, in the methanogenic phase (BMP), the system
maintained statistical significance in terms of volatile solids removal (F_{4, 10} = 12.45,
p = 0.0084) and total COD reduction (F_{4, 10} = 28.14, p = 0.0012). The transition from
a highly variable acidogenic environment to a more stable methanogenic performance—
as evidenced by the decrease in F-values—highlights the strong buffering capacity and
metabolic adaptability of the coupled system. Post hoc Tukey’s HSD tests further confirmed
that intermediate substrate mixtures (50/50 and 25/75) optimized metabolic fluxes between
phases, allowing the high acidogenic activity in the BHP stage to be effectively converted
into stable methane production during the BMP stage.

Table 7. One-way ANOVA summary for performance parameters in the BHP and BMP phases, based
on F and p-value analyses.

BHP BMP
CODs Produced % VS Removed % CODs Removed % VS Removed %
F p-Value F p-Value F p-Value F p-Value
185.12 <0.0001 42.35 0.0002 28.14 0.0012 12.45 0.0084
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3.3.5. Microbiological Analysis of Methanogenic—-Mesophilic Phase

Comprehensive microbiological analysis of the methanogenic-mesophilic phase in
anaerobic co-digestion reactors treating slaughterhouse wastes, under optimal study con-
ditions, reveals the formation of a specialized archaeal consortium, mainly composed
of aceticlastic methanogens such as Methanosaeta and Methanosarcina (Figure 6). It repre-
sents a comparative analysis of the microbial population shifts during the methanogenic—
mesophilic stage and two-stage anaerobic co-digestion of slaughterhouse wastes. Represen-
tative epifluorescence micrographs and relative abundance data were obtained using 165
rRNA-targeted oligonucleotide probes. Total Eubacteria were identified using the EUB338
probe, while the Archaeal community was characterized using the ARC915 (total Archaea),
MSAES25, and MBAC1174 (specific methanogenic groups) probes. In the mesophilic phase,
these genera often dominate, with Methanosaeta and Methanosarcina together comprising up
to 75% of the archaeal community, consistent with both experimental results and reports
from various co-digestion systems [49]. This dominance correlates with high acetate con-
centrations typical of slaughterhouse waste digestion, favoring acetoclastic pathways for
methane production [50].

100
Methanosaeta

Methanosarcina
Methanospirillum
Methanobacterium
Eubacteria

o]
o

Relative abundance (%)
»H (=)}

20

Single stage M  Two stage TPAcD

Figure 6. Microbial community dynamics analyzed by Fluorescence In Situ Hybridization (FISH) in
anaerobic reactors, both mesophilic single-stage and two-stage TPAcD.

Hydrogenotrophic methanogens, including species such as Methanospirillum and
Methanobacterium, are frequently present at much lower relative abundances (<5%), which
is consistent with the low hydrogen concentrations in these systems under stable mesophilic
conditions. This observation supports the notion that hydrogenotrophic methanogenesis
represents a secondary metabolic route in digesters where acetoclastic methanogens are
prevalent, and where volatile fatty acid removal is efficient.

In two-stage anaerobic digestion configurations, especially those with thermophilic—
acidogenic and mesophilic-methanogenic phases (TPAcD systems), the selective pressure
further increases the predominance of acetoclastic methanogens and sustains low hy-
drogenotrophic populations [51]. Such a shift in community structure is empirically linked
to improved methane yield and process stability, as higher diversity and population sizes of
Methanosaeta and Methanosarcina correlate with greater resistance to inhibitory compounds
and operational disturbances [49].

These findings are consistent with the current literature, which indicates that acetoclas-
tic methanogenesis predominates during mesophilic anaerobic co-digestion of slaughter-
house wastes, whereas a shift toward hydrogenotrophic methanogenesis typically occurs
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only under stress conditions, such as elevated free ammonia concentrations or excessive
volatile fatty acid loads [50].

3.4. Comparative Analysis (TPAD vs. Conventional Mono-Stage AD)

A comparison was conducted between the methane yields obtained in this sequential
Thermo-Acidogenic Mesophilic-Methanogenic (TPAD) process and those from a con-
ventional mono-stage mesophilic process conducted in our laboratory with the same
ratios (Table 8).

Table 8. Biomethane yields from different assays expressed in mL CHy/g VS.

Mono-Stage (mL CHy/g VS) TPAcD (mL CHy/g VS)
L +IM —3.33 £ 0.54 175.85 £ 20.56
75L + 258 + IM 43.028 £ 6.54 379.19 £ 57.56
50L + 50S + IM 58.08 & 4.89 380.40 £ 41.23
25L + 75S + IM 60.43 £+ 7.65 495.46 + 65.54
S+IM 4592 £ 3.96 521.76 £ 89.65

The results obtained reveal significant differences in methane yields between the
conventional mesophilic single-stage process and the TPAcD, with temperature-phase
separation and specialized microbiological consortia.

In both systems, a positive correlation was observed between the proportion of
semi-liquid fraction in the substrate mixture and the methane yield (mL CH4/g VSa4ded)-
(mL CH4/g VSadded)- This trend suggests that the semi-liquid fraction may contribute
to process stabilization, likely by improving substrate homogeneity, buffering capacity,
and the availability of readily biodegradable organic matter. Similar trends have been re-
ported by several authors, who emphasize the role of the semi-liquid fraction in improving
substrate biodegradability and microbiological activity [52,53].

However, the absolute yields differ markedly between the two configurations, with
the TPAcD process achieving substantially higher values (up to 521.76 mL CHy/g VS,4ded)
compared to the single-stage system (60.43 mL CHy/g VS,4deq)- This improvement can
be attributed to several operational and microbiological factors like phase separation
and pH control. The TPAD configuration allows the acidogenic phase to proceed under
thermophilic conditions (55 °C), which enhances hydrolysis and acidogenesis, leading to
controlled accumulation of VFA [54]. Subsequently, the mesophilic methanogenic stage
(35 °C) effectively converts these intermediates into methane. Conversely, the single-stage
mesophilic system cannot simultaneously optimize conditions for both microbiological
communities, thereby limiting its overall efficiency [11,55].

On the other hand, the separation of specialized microbiological populations in each
stage enhances system robustness and reduces inhibition from VFAs or ammonia, fre-
quently present in high organic loading scenarios [44,53]. Some studies have reported
improvements of 100-200% in methane yields for TPAD systems compared with single-
stage digesters [56,57].

Furthermore, the thermophilic pre-treatment in TPAD promotes solubilization of
particulate organic matter, increasing substrate bioavailability for methanogenesis [47,58].
This leads to higher specific methane yields and more complete digestion, as reflected in
the greater reduction of VS [59].

In the single-stage test, negative methane yields were observed under control con-
ditions (—3.33 mL CHy4/g VS,4deq), likely due to limited methanogenic activity and in-
sufficient precursor formation in the absence of a microbiological acidogenic phase. As
the semi-liquid fraction increases, the enhanced availability of biodegradable organic
matter and micronutrients stimulates microbiological metabolism, resulting in gradually
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improved methane production. By contrast, the TPAcD process, due to its staged design
and controlled environmental conditions, consistently maximized methane production
across all substrate ratios, achieving 3-9-fold higher specific methane yields compared to
the single-stage mesophilic digester. These findings align with previous studies on the
co-digestion of complex waste mixtures, such as the semi-liquid fraction and industrial
liquid fractions, which reported significant gains in energy recovery and process stability
under TPAD configurations [54-56].

4. Conclusions

The findings of this study highlight the effectiveness of a sequential thermophilic—
acidogenic and mesophilic-methanogenic process for the anaerobic co-digestion of slaugh-
terhouse wastes. The combined treatment of the semi-liquid fraction and liquid fractions
proved beneficial, as each substrate contributed complementary characteristics: the semi-
liquid fraction provided higher organic and volatile solids loadings, while liquid fractions
improved the physicochemical properties and fluidity of the mixture, promoting better
microbiological substrate contact and enhancing overall bioconversion efficiency. Distinct
substrate-specific patterns were observed across the two stages. During the acidogenic
phase, liquid fractions achieved superior hydrogen yields, whereas the semi-liquid fraction
exhibited a substantially higher methane production capacity in the methanogenic stage.
Among the tested substrate ratios, the mixture containing the 25% liquid fraction and 75%
semi-liquid fraction displayed the most balanced and favorable performance, achieving
both stable hydrogen production and the highest methane yield (495.46 mL CHy/g VSy).
In contrast, the mixture with the 75% liquid fraction and 25% semi-liquid fraction max-
imized hydrogen recovery (1.77 mL Hy/g VSp), confirming that substrate composition
plays a crucial role in determining the dominant fermentation pathway and gas output.
Thus, statistical validation via one-way ANOVA confirmed that these performance dif-
ferences were strictly attributable to the L/S ratios, with a highly significant effect on
both solubilization (F_{4, 10} = 185.12, p < 0.001) and subsequent methanogenic stability
(p = 0.0084%). However, hydrogen production remained stable across the evaluated con-
ditions; the absolute H; yields were comparatively low, which was primarily attributed
to microbial competition and the complex, high organic load of the slaughterhouse waste
that intrinsically favors methanogenic and other competitive metabolic pathways. The
sequential configuration clearly outperformed the single-stage mesophilic co-digestion
system in terms of methane productivity and purification efficiency. The thermophilic
pre-treatment enhanced hydrolysis and acidogenesis, improving substrate accessibility for
methanogens in the subsequent mesophilic stage. This phase separation also contributed
to better process control and stability, minimizing potential inhibition and favoring a more
robust methanogenic activity. Overall, these results demonstrate that sequential anaerobic
digestion is a promising strategy for the valorization of complex slaughterhouse residues,
enabling both hydrogen and methane recovery. By optimizing substrate proportions and
operational conditions, this approach can significantly enhance biogas yields and contribute
to sustainable waste-to-energy conversion within circular bioeconomy frameworks.
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