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Abstract: Rapid urbanization worldwide results in high demand for meat products, which in turn
result in high numbers of animals being slaughtered for human consumption to meet food security
demands, especially in low-income countries such as South Africa. The waste produced during
slaughtering can serve as feedstock for biogas production. This study aims to determine the impacts of
pasteurization and sterilization pre-treatments on high-throughput red meat abattoir solid slaughter
waste’s physicochemical properties and biomethane yield when used as a feedstock for biogas
production. Abattoir solid slaughter waste was collected from 45 high-throughput red meat abattoirs
across South Africa and the various physicochemical properties were determined using standard
methods, along with the impact of sterilization and pasteurization on red meat abattoir waste.
Biomethane yield analysis was performed using AMPTS II with a hydraulic retention time of 40 days.
Pasteurization and sterilization pretreatment was seen to increase physicochemical parameters such
as pH, volatile solids, total solids, carbon, and nitrogen analyzed in all samples. Pasteurization and
sterilization were also seen to increase biomethane yield, where methane production ranged from
610.67 Nml to 1756.30 Nml, 1592.20 Nml to 3319.30 Nml, and 949.57 Nml to 3297.87 Nml for untreated,
sterilized, and pasteurized samples, respectively. There was no significant difference (p < 0.05)
observed in the effect pasteurized and sterilized samples had on physicochemical properties and
biomethane yield. It can be concluded that pasteurization and sterilization enhance the bioavailability
of the physicochemical properties and biomethane yield of red meat solid slaughter waste when
valorized as feedstock for biogas production.

Keywords: abattoir waste; anaerobic digestion; pig; cattle; sheep; thermal pretreatment; biomethane;
physicochemical properties; sterilization; pasteurization

1. Introduction

The growing demand for meat worldwide for human consumption has made the
meat production industry become the fastest-growing agricultural-based industry in the
world [1,2]. A steady growth in meat production and consumption has been estimated at a
further 10 billion in developing countries and at 1.5 billion in industrialized countries by
the year 2050 [2,3]. Most low-income countries have shown rapid urban growth, which
results in extreme pressure for more animals to be slaughtered at abattoirs and in turn
produces a large amount of slaughter waste [4-6]. The waste produced during slaughtering
activities includes meat trimmings, fats, rumen contents, condemned organs, blood, green
and red offal, and wastewater [7,8]. Approximately 20-50% of the weight of the slaughtered
animal is not suitable for human consumption [1-8]. This waste, if not managed well, may
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be hazardous to the environment and animal and human health by spreading diseases and
other toxins [7-9].

The European Commission has enforced regulation for abattoir slaughter waste
(1069/2009/EC) [10] that requires stricter management control and higher hygienic treat-
ment for this type of waste to prevent the outbreak and spread of disease and other
environmental contaminants [11-13]. The implementation of this regulation has been
reported in the literature to reduce the economic value of abattoir waste for rendering,
thus resulting in this waste being disposed of using incineration [14]. Valuable nutrients
which are contained in abattoir waste that can be beneficial for plants and soil are reported
to be lost through incineration and can be harnessed using green technologies such as
biogas production using anaerobic digestion (AD) [7,9]. AD is defined as the degradation
of organic waste by microorganisms in the absence of oxygen to produce two by-products,
i.e., biogas and bio-slurry (digestate). The 1069/2009/EC [10] regulation regards biogas
production through AD as a suitable treatment and waste management option for solid
abattoir slaughter waste, provided that thermal pre-treatment, either by pasteurization
(70 °C for 1 h) or sterilization (133 °C at 3 bar for 15 min), is incorporated into the digestion
process as a sanitary pre-caution [7-9]. In South Africa, category two and three abattoir
slaughter waste is also mandated by the National Environmental Management (NEMA):
Waste Act 59 of 2008 section 24(5) and Meat Safety Act (Act 40 of 2000) to be subjected to
either pasteurization (70 °C for 1 h) or sterilization (133 °C at 3 bar for 15 min) prior to any
biological treatment, including AD.

South Africa is a developing country with an agriculture-intensive industry, currently
comprising about 430 abattoirs, with about 285 high-throughput red meat abattoirs regis-
tered, slaughtering over a million cattle, pigs, and sheep on an annual basis. South Africa
is also the largest meat producer and exporter in Africa [9,15,16]. Currently, waste manage-
ment at high-throughput red meat abattoir facilities in South Africa is difficult, and most
local municipalities across the country have banned the disposal of this waste, especially
solid slaughter waste in landfills, due to the high cost incurred during its treatment. This
waste has become a hazard to the local communities living in the vicinity of the abattoir
facilities, as most of this waste ends up being illegally dumped or buried in nearby fields,
rivers, and streams. However, this waste can be converted into useful clean energy known
as biogas (to assist in combating the current electricity crisis), and fertilizer in the form of a
treated slurry known as digestate through the AD process, thus promoting a climate-smart
agriculture through a circular economy (waste-energy).

Currently onsite treatment of red meat abattoir solid slaughter waste in South Africa
using this waste as feedstock in AD for biogas production is gaining interest from local
governments, the agricultural sector, the biogas industry, and the red meat abattoir industry.
The AD of abattoir solid slaughter waste is not only explored as a treatment and manage-
ment option but also to address the National Development Plan of reducing greenhouse
gases by 50% by 2030 [7,9]. Treatment of abattoir solid slaughter waste using anaerobic
digestion has been used in countries such as the USA, China, Canada, India, Tanzania, and
European countries, incorporating thermal pre-treatment (pasteurization or sterilization)
to enhance the biodegradability of the waste [2,16].

Research studies conducted on the effects of thermal pre-treatment of abattoir solid
slaughter waste prior to AD have highlighted its ability to increase the breakdown of
recalcitrant complex polymeric compounds present within the feedstock by increasing the
solid reduction efficiency of the AD process [17-22]. A study by Harris and McCabe [23] ob-
served an increase in biomethane production on pasteurized feedstock (co-digestion of food
waste and cattle slaughter waste) under mesophilic conditions. A study by Liu et al. [24]
also observed similar outcomes when using a digestion mixture of food waste, manure,
and cattle slaughter waste. A study by Rodriguez-Abalde et al. [25] evaluated the effects of
thermal pre-treatments on the methane yield of two solid slaughterhouse wastes, poultry,
and pig slaughterhouse by-products, and observed that pasteurization and sterilization
had no effect on biomethane production. Meanwhile, a study by Cuetos et al. [26] also
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reported no difference in biomethane production in the co-digestion of poultry slaughter
waste and organic fraction of municipal solid waste (OFMSW). A study by Hejnfelt and
Angelidaki [27] also observed similar results when evaluating the effects of pasteurization
and sterilization on biomethane production of mixed pig and cattle slaughter waste and
reported no significant increase (p < 0.05) in biomethane yield, observing instabilities in
gas production in sterilized feedstock. In contrast to this, Baredar et al. [28] observed a
four-fold increase in biomethane yield in pasteurized mixtures of cattle and pig slaughter
waste by-products, food waste and liquid manure. Thermal pre-treatment of feedstock has
been reported to also enhance the hydrolysis stage, promote digester stability, and acceler-
ate the supply of nutrients required for microbial growth [12,19-21,29-35]. Even though
sterilization and pasteurization of feedstock has been reported to enhance biomethane
production, the results observed in the literature on its effect on biomethane yield vary
with contradictory observations.

Study on the effects of mandatory pasteurization and sterilization pre-treatment of
solid red meat slaughter waste used in mono-digestion on its physicochemical properties
and biomethane production is limited worldwide, especially in South Africa, thus this
study intends to close the gap by adding this knowledge to the literature. This study
will also fill in research gaps by also evaluating the use of sheep solid slaughter waste as
feedstock for AD, as research on this type of waste stream for biogas production has been
minimally reported worldwide. As the biogas industry in South Africa is in its infancy
stage and is currently initiating the use of solid slaughter waste from red meat abattoirs as
potential feedstock for biogas production using AD, and to treat this waste, the existing
knowledge on the effects of the mandatory thermal pre-treatment on physicochemical
properties and biomethane yield is vital for policy making.

The highlights of AD during biogas production are grouped into three steps,
ie., (1) feedstock characterization (composition of the raw organic waste prior to AD);
(2) biomethane production (during the AD process); (3) digestate characterization (final
treated bio-slurry after AD process). The current study is related to the previous published
study by Matjuda et al. [36], where the main focus was characterizing the final treated
by-product, which is digestate, and its biofertilizer potential as well as its sanitary quality
(step 3). The previous study by Matjuda et al. [36] did not present the physicochemical char-
acteristics of red meat abattoir solid slaughter waste feedstock prior to AD (step 1) (using
similar techniques) and its biomethane yield (step 2), hence this study intends to present
the data and also fill the knowledge gaps stated in this current study. This study may serve
as a model to develop processes to harvest value-added products such as green energy and
biofertilizer from solid slaughter waste rather than disposing it in landfills, thus causing
various forms of environmental pollution and promoting a circular economy through waste
to energy. The data in this study may be beneficial for other researchers and organizations
when implementing proper treatment processes and quality control standards and may
also benefit the red meat industry in its waste treatment management processes.

Therefore, this project aims to determine the impacts of pasteurization and sterilization
pre-treatments on red meat abattoir solid slaughter waste’s physicochemical properties and
biomethane yield when used as a feedstock for biogas production.

2. Materials and Methods
2.1. Study Area

The study area is represented by 45 high-throughput red meat abattoirs selected from
across South Africa. South Africa is a subtropical country located in the southernmost part
of Africa, which covers an area of about 1,221,037 square kilometers, with a coastline of
about 2798 km which stretches along the Atlantic and Indian Ocean. The country has a
temperate climate due to it being surrounded by two oceans (Atlantic and Indian Ocean)
on all three sides, as it is located in the climatically milder Southern Hemisphere. South
Africa is a water-scarce country with an average rainfall of about 464 mm per annum. The
list of the locations of sampling sites are presented in Table 1.
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Table 1. List of sampling sites of abattoirs for this study.

Province Ab;g‘:li; D Town Province Ablilt;?[ilz D Town Province Abﬁgﬁle Town
Eastern Cape EC-1 Uitenhage Gauteng GA-1 Krugersdorp Mpumalanga MP-1 Barberton
EC-2 Adelaide GA-2 Centurion MP-2 Bethal
EC-3 Aliwal North GA-3 Cullinan MP-3 Ermelo
EC-4 Queenstown GA-4 Vanderbijlpark MP-4 Middelburg
EC-5 Port Elizabeth GA-5 Springs MP-5 Ladenburg
Free State FS-1 Virginia Limpopo LIM-1 Bela-Bela Northwest NW-1 Bloemhof
FS-2 Zastron LIM-2 Polokwane NW-2 Koster
FS-3 Deneysville LIM-3 Louis Trichardt NW-3 Klersdorp
FS-4 Viljoenskroon LIM-4 Potgietersrus NW-4 Potchefstroom
FS-5 Parys LIM-5 Tzaneen NW-5 Mafikeng
Kwa-Zulu Natal KZN-1 Luneburg Northern Cape NC-1 Olifantshoek Western Cape WC-1 Worcester
KZN-2 Dalton NC-2 Hanover WC-2 George
KZN-3 Luneburg NC-3 Jan Kempdorp WC-3 Ladysmith
KZN-4 Newcastle NC-4 Prieska WC-4 Knysna
KZN-5 Vryheid NC-5 Postmansburg WC-5 Oudtshoorn

2.2. Sample Collection and Preparation

About 180 abattoir slaughter waste samples were collected from 45 high-throughput
red meat abattoirs across South Africa. High-throughput abattoirs slaughtering more than
250 animals per week, obtained from feedlots and commercial farmers, were selected to
partake in this study. Abattoirs were also selected according to the type (red meat only:
cattle, sheep, and pig) of animals they slaughtered daily and the consent from abattoir
management to partake in the study.

Abattoir slaughter waste such as meat trimmings, blood, offal (green and red), intesti-
nal organs, and rumen contents were collected for a period of a year from March 2021 to
February 2022. Samples including rumen contents, offal (green and red), intestinal organs,
and meat trimmings were collected in polyester bags, while blood samples were collected
in 1 L sterilized containers according to Matjuda et al. [36]. Samples were transported and
prepared for physicochemical analysis in accordance with Matjuda et al. [35]. Samples
were transported on ice from sampling points to the laboratory where they were cleaned by
removing non-digestible materials such as plastics, tags, metals, stones, and bones. After
the sampling period, similar waste from 45 high-throughput abattoir sampling sites was
pooled together. From the pooled slaughter waste, a total of 20 representative samples for
each treatment (i.e., untreated, sterilization, and pasteurization) were taken out for cattle,
sheep, and pig slaughter waste (e.g., cattle slaughter waste had 20 for untreated, 20 for ster-
ilization, and 20 for pasteurization). The rationale for pooling samples was that this study
was not concentrated on determining the differences in characteristics of abattoir waste
according to different sampling sites or sampling periods, or differences within similar or
different animal breeds. This was because this study was concentrated on evaluating the
biomethane potential of solid red meat abattoir slaughter waste as a single waste stream
feedstock for biogas production and the effects thermal pretreatment has on its biogas yield
and physicochemical properties. The pooling was also performed to assimilate commercial
and medium-scale biogas plants’ operational condition in South Africa for treating red
meat abattoir slaughter waste, where samples are pooled in accordance to waste types,
i.e, cattle, sheep, and pig, and not according to sample location and breed. This is because
the study was conducted to provide support in decision and policy making for both the
biogas industry and red meat abattoirs in South Africa as to which thermal pre-treatment
method to incorporate in their on-site biogas plant for enhancing the sanitary treatment of
produced slaughter waste.

After sample preparation, samples were then kept in the freezer at —20 °C till further
analysis. The samples were blended to a size of about 2 mm using a food processor and
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pre-treated using pasteurization (70 °C for 1 h) and sterilization (133 °C at 3 bar for 15 min)
prior to AD, according to the Regulation (EC) No. 1069/2009 [10]. Abattoir waste that was
not subjected to thermal pre-treatment is referred to as untreated abattoir samples in this
study. After pre-treatment, samples were analyzed for their physicochemical properties
and biomethane production. All analyses were performed in triplicate.

2.3. Determination of Feedstock’s Physicochemical Characteristics

The following physicochemical analyses were conducted on abattoir samples in ac-
cordance with methods described by Matjuda et al. [36]: pH, total solids (TS), volatile
solids (VS), moisture content, chemical oxygen demand (COD), ammonia (NH4"), carbon,
nitrogen (N). The VS (organics) were further broken down into primary constituents of fats,
proteins and carbohydrates, where fats and proteins were determined in accordance with
Commission Regulation 142/2011/EU, implementing the ABPR (European Commission,
2009, European Commission, 2011) as described by [37]. The difference between VS, fats,
and protein content was designated as carbohydrates. The pH was read using a PHC101
probe and the pH meter was calibrated using buffers of pH 4.0, 7.0, and 10.0 (Hach (Pty)
Ltd., Johannesburg, South Africa). NH;* concentrations were read using a spectropho-
tometer (HACH DR 500) at absorbance of 495 nm and calculated against standard solutions
of known concentrations. Determination of COD were read using a spectrophotometer
(HACH DR 500) with the high COD range test program. The absorbance was measured
spectrophotometrically at 495 nm using HACH DR 500 and all physicochemical properties
analysis were conducted in triplicate.

2.4. Determination of Biomethane Production Potential of Abattoir Waste as AD Feedstock

The biochemical methane production potential tests were carried out using the Auto-
matic Methane Potential Test System (AMPTS®) bioprocess control AMPTS II laboratory
scale anaerobic digester. This instrument is made up of three components: (i) digester,
(ii) CO,, fixing unit, and (iii) gas collecting unit (Figure 1). A batch system was set up and
allowed to run for a period of 40 days hydraulic retention time (HRT). A 500 mL digester,
with an effective volume of 400 mL, was used for biomethane production, which had a
headspace of 150 mL. The experiment was conducted in triplicate. The temperature of
the process was kept constant at a mesophilic temperature of 37 °C. A 3M NaOH solution
(Sigma Aldrich (Pty) Ltd., Johannesburg South Africa) (120 g NaOH in % of 1 L water) was
prepared to be used as the scrubbing solution to absorb the impurities (automated by the
AMPTS II system).

A 0.4% Thymolphthalein solution was used as a pH-indicator to determine the satu-
ration point for the cleaning solution to be replaced. Approximately 40 mg of Thymolph-
thalein was dissolved in 9 mL of ethanol (99.5%) followed by the addition of 1 mL distilled
water. Thymolphthalein is insoluble in water, but it is freely soluble in ethanol. The
NaOH solution containing the pH indicator was prepared by mixing 5 mL of the 0.4%
Thymolphthalein solution per 1 L of 3M NaOH solution. Approximately 80 mL of the
mixture containing the NaOH solution and Thymolphthalein pH indicator was added into
each of the 15 glass bottles (100 mL) for the AMPTS II.

The biomethane production experiment was run using 500 mL digester bottles filled
with 400 mL of sample, where inoculum was used as a negative control and cellulose as
a positive control. The digesters were filled with a mixture of red meat abattoir samples
and inoculum at a ratio of 2:1 (inoculum: substrate). The inoculum was a digestate taken
from a commercial biogas plant treating abattoir slaughter waste located in Gauteng.
The physicochemical characteristics of the inoculum are presented in Table 2. To limit
background gas produced during the experiment, the inoculum was degassed by incubating
it under a similar operational temperature range to the commercial and medium-scale
biogas plant digesters and the experimental set-up (37 & 2 °C).
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Sample reactor  CO; stripping unit  Gas measuring unit
(b)

Figure 1. (a) The bioprocess reactor used for BMP tests (AMPTS II); (b) schematic diagram of AMPTS
II system. (Adopted from Xia et al. [38]).

Table 2. Characteristics of inoculum used in AMPTSII experiment.

Parameter Unit Results
pH 7.72
Moisture %DM 95.66
VS %DM 53.72
TS Y% 4.34
Mg g/Kg 1.60
Na g/Kg 14.58
P g/Kg 26.62
mg/Kg 1500
Cu mg/Kg 35.27
Zn mg/Kg 157.01
Cd mg/Kg 0.77
Cr mg/Kg 38.91
Pb mg/Kg 8.57
Ni mg/Kg 1.68
Hg mg/Kg 0.01
As mg/Kg 221

TKN g/Kg 52.67
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Table 2. Cont.

Parameter Unit Results

S mg/Kg 687.09

Mn mg/Kg 124.69

Al mg/Kg 119.59

EC uS/cm 1679
Fe g/Kg 6.77

B mg/Kg 31.26

C-org % 56.94
N-org % 2.70

C/N ratio 21.09
Salmonella (25 g fresh sample) cfu/mL ND
E. coli cfu/mL 795
Listeria (25 g fresh sample) cfu/mL ND

Prior to the digestion, the pH of the mixed liquor in the bioreactor was adjusted to
7.0 with the aid of NaOH (3M) and HCI (3M). To create an anaerobic environment in the
bioreactors, nitrogen gas (N) (100%) from Afrox Gas, South Africa was used to purge each
reactor before starting the stirrers. The daily and cumulative biomethane production were
collected using an in-built data-logger in the AMPTS II. The digester was connected to a
100 mL bottle (used as a scrubber) filled with 80 mL of the 3M NaOH solution. The gas
exiting the CO; fixing unit was sent to the flow cell (gas collection) where the volume of
biomethane was determined as shown in Figure 1b.

2.5. Analysis of Biogas Composition of Abattoir Waste

A portable biogas analyzer, BIOGAS 5000 (Geotech, UK) was used to analyze the
contents of the produced gas.

2.6. Determination of Solid Reduction Efficiency of AD of Abattoir Waste

The reduction efficiency of COD, VS, and TS during AD of abattoir waste were
determined at the end of digestion, i.e., day 40. Solid reduction efficiency was calculated
according to the equation below adopted from Latimer [39].

RW — AD
SR (0/0) - w X 100% (1)

where:

SR: solid reduction
RW: raw waste
ADW: anaerobic digested waste

It should also be noted that subsampling was not performed as the AMPTS Il is a
batch AD digester instrument (closed system).

2.7. Statistical Analysis

All analyses in this study were performed in triplicate. The statistical significance of
the results was confirmed by two-way ANOVA (p < 0.05). The differences of each treatment
were studied by t-test. For statistical analysis, the GENSTAT statistical program was used.
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3. Results and Discussions
3.1. Impact of Thermal Pre-Treatment on the Physicochemical Properties of Red Meat Abattoir
Solid Waste

The results for pH, TS, VS, and moisture characterization of abattoir feedstock are
presented in Table 2. The pH of red meat abattoir slaughter waste feedstock was measured
prior to AD at day 0. pH is a very important parameter in AD as it influences the stability
of the digestion process [17,40-42]. The pH range for stability of anaerobic digestion has
been recommended to be within the range of 6.5 to 8.5, with an optimal range of about
6.8 to 7.2 for stabilized anaerobic digestion and microbial activity [43—45]. The pH values
for pre-treated samples were observed to be >6.5 in this study in all pre-treated samples
(Table 3), thus indicating the ability of pasteurization and sterilization pre-treatments to
enhance the stability of abattoir waste feedstock prior to AD. The pH values for pasteurized
and sterilized pre-treated samples did not differ significantly (p < 0.05) across all analyzed
red meat abattoir slaughter samples, while pH values for untreated and pre-treated samples
differed significantly (p < 0.05). This may be attributed to the production of hydroxide
ions (OH™) being higher than the production of hydrogen ions (H*) during pre-treatment.
According to Budiyono et al. [46], Islam et al. [47], and Calicioglu et al. [46], methanogens
thrive in slightly alkaline to neutral environments (6-8.5). The results observed in this study
for both pasteurized and sterilized pre-treated samples fell within the optimal range of 6.5
to 8.5 for stable anaerobic digestion and microbial activity. This indicates that sterilization
and pasteurization have the ability to create a more conducive environment for methanogen
activity by offering sufficient buffering capacity against pH drop [41,47-49]. The results
for pH reported in this study were lower as compared to those reported by Budiyono
et al. [46], who observed a pH of 7.19 &£ 0.06. The difference in results for pH observed in
this study and those of Budiyono et al. [46] may be attributed to the difference in feedstock
composition, as in their study, the abattoir waste included manure from holding pens
and wastewater, which were not included in this study. Results observed in this study
were similar to those reported by Bayr et al. [49], where a pH value range of 6.0 to 6.8
was reported.

Table 3. Results for the pH, moisture, TS, and VS for untreated, sterilized, and pasteurized cattle,
sheep, and pig abattoir slaughter waste feedstock. Results represent mean + standard deviation
(n =20).

Parameter Unit Results
CSW CSW CSW SSW SSW SSW PSW PSW PSW
(Untreated) (Sterilized) (Pasteurized)  (Untreated) (Sterilized) (Pasteurized)  (Untreated) (Sterilized) (Pasteurized)
pH 5.48 +0.48 6.96 +0.78 6.69 + 0.53 5.38 +0.34 6.50 & 0.49 6.73 +£0.33 5.19 + 0.67 6.58 + 0.55 6.72 +0.43
VS % 75.95 4+ 0.66 87.34 + 0.89 84.62 +1.07 70.74 +0.99 75.05 + 0.57 7792 +0.83 62.07 £ 0.67 7241 +£ 091 75.79 £ 0.76
Moisture % 7347 +1.43 63.09 + 2.07 73.33 £ 1.99 78.77 + 1.66 73.6 £1.73 78.53 + 1.67 72.6 +1.54 69.95 + 0.98 71.01 £ 1.19
TS % 2653 +£093 2993 +£1.05 26.67 +£1.26 21.23 +£1.82 19.40 + 147 21.43 +1.09 27.4 + 0.88 30.05 + 1.29 28.99 + 1.66

CSW = cattle slaughter waste; SSW = sheep slaughter waste; PSW = pig slaughter waste; TS = total solids;
VS = volatile solids.

Results for VS and TS (Table 3) in this study were observed to be higher in pasteur-
ized and sterilized samples as compared to untreated samples for cattle, sheep, and pig
abattoir slaughter waste feedstock. The VS content of feedstock in AD is a very important
parameter, as it determines the amount of organic matter contained in the feedstock that is
biodegradable. The increase in TS contents in both sterilized and pasteurized pre-treated
as compared to untreated samples may be attributed to the water contents of the red meat
abattoir waste evaporating due to the high temperature, thus indicating that sterilization
and pasteurization have the ability to enhance the solubilization of the pre-treated sam-
ples [50,51]. Results for TS and VS in this study differed significantly across untreated,
pasteurized, and sterilized pre-treated samples (p < 0.05). According to the literature, the
VS of abattoir solid slaughter waste, comprising rumen content, intestinal organs, and meat
trimmings, were reported to be around 80% of TS [50,51].
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According to Jha et al. [51], a VS value > 60% depicts the high proportion of feedstock
fraction that is biodegradable and could be utilized as feedstock for mono-digestion for
biogas production [16,40]. The VS values across all analyzed red meat abattoir samples in
this study were observed to be >60%, with sterilized and pasteurized samples of VS being
>72%. This indicated the effects of sterilization and pasteurization pre-treatment’s ability
to enhance biodegradability in red meat abattoirs [51-53]. These increases in VS can be
attributed to the capability of the high temperature of the pasteurization and sterilization
imposed to release more volatile compounds within the samples, making them more readily
available for digestion by anaerobes [51,52]. The results obtained in this study for TS and
VS were similar to those observed by Alarcon et al. [52] and were lower compared to those
reported by Ware and Power [14]. The difference in observed results for VS and TS in
this study compared to Ware and Power [14] may be owing to the difference in feedstock
composition, as in this study only solid red meat abattoir waste was used as a single waste
stream (mono-digestion), while in their study the abattoir waste was co-digested with other
organic waste such as food waste and activated municipal sludge. The TS and VS results
obtained in this study for sterilized pig abattoir waste were similar to those reported by
Budiyono et al. [46], who observed VS and TS increase due to thermal pre-treatment using
similar pasteurization and sterilization treatment conditions. Budiyono et al. [46] reported
a VS of 66.6% in untreated slaughter waste, 76.0% in pasteurized samples, and 74.6% in
sterilized samples, and a TS value of 22.4%, 24.1%, and 26.6% for untreated, pasteurized,
and sterilized slaughter waste, respectively.

Feedstock moisture content is one of the most important factors affecting the efficiency
of AD, more especially the hydrolysis phase [54,55]. Although results in previous studies
suggest that the efficiency of AD increases as feedstock moisture levels increase [46,54,56],
there is no information on optimum moisture levels reported. In support of the studies
by Zamri et al. [55], Cvetkovi¢ et al. [54], and Kabeyi and Olanrewaju [57], a study by
Khumalo [54] reported that activated sludge with 95% moisture content had a hydrolysis
phase of six days, while sludge with 88% moisture content had a hydrolysis phase of
30 days. Similar observations were also observed in this study in sterilized cattle and
pig abattoir slaughter samples (Table 3), as the moisture contents were observed to be
63.09 £ 2.07% and 69.95 + 0.98%, respectively, and the hydrolysis phase was observed
to be slower compared to pasteurized and untreated samples during AD. Sterilization
pre-treatment was observed to reduce more moisture content in cattle, sheep, and pig
abattoir slaughter waste in this study compared to untreated and pasteurized samples,
and the results differed significantly (p < 0.05). This may be attributed to rapid water
evaporation in the samples due to high temperatures during sterilization treatment [51-53].
There was no significant difference (p < 0.05) in the moisture content in cattle, sheep, and
pig abattoir slaughter waste observed between untreated and pasteurized samples in this
study (Table 3).

The results for COD concentration are presented in Table 4; in this study, COD varied
from 12,530.35 £ 538.22 mg/L to 15,384.9 £ 333.17 mg/L across the studied abattoir
waste samples (p < 0.05). Pasteurization and sterilization pre-treatment in this study
was observed to reduce COD concentration in abattoir samples; this may be due to the
protein denaturing effect of high temperatures [52,58]. According to Otero et al. [53],
Ortner et al. [59], and Obileke et al. [60], reduction in COD in feedstock occurs due to the
degradation of complex organic compounds, which in turn increases the stability of the
AD process by reducing organic acid production during digestion that will cause pH drop,
thus enhancing microbial metabolism during AD. The results in this study were higher
than those reported by Khumalo [54], Budiyono et al. [46], and Otero et al. [53], and were
observed to be lower than those reported by Ortner et al. [59]; this is owing to the difference
in feedstock composition.
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Table 4. Physicochemical composition of cattle, sheep, and pig slaughter waste. Results represent
mean =+ standard deviation (n = 20).

Parameter Unit Results
CcsSW CcSW CcsSW SSW SSW SSW PSW PSW PSW
(Untreated) (Sterilized) (Pasteurized) (Untreated) (Sterilized) (Pasteurized) (Untreated) (Sterilized) (Pasteurized)

oD me/L 1389263+ 1253035+ 12950124 1351033+ 14530174 1449108+ 153849+ 1463429+ 1445393 &

8 301.64 538.22 359.88 195.11 375.08 48325 333.17 273.81 31933
N % 2514056 268+081 2484062 205+033  189+074 196+059  203+084 2244061 193+ 044
C % 4550475  OBLE s5764507 38904350 43414258 45e8+184  3943+318 L w57z
NH,* g/L  214£027 308+031 141+£039 2134015 153009 103+011 137026 2364036 105+ 084
C/N ratio 112+041  N%E g0z 18974067 2974058 23914088 19424072 OTE 23094027
Proteins %TS  4016+083 9 4584125 3928+133 37794117 44864126 39454099  SnoE 44314019
lipids %TS  1659+£086 265102 2734077 22194064 23694087 23441038 13214041  GUE - a5674 100
Carbohydrates %TS 9294055 8964038 1424+046 827039 7574022  962+051  9414+037 279+019 581 +043

CSW = cattle slaughter waste; SSW = sheep slaughter waste; PSW = pig slaughter waste; COD = chemical oxygen
demand; N = nitrogen; C = carbon.

The organic carbon produced during AD of red meat abattoir waste is mostly produced
during the degradation of carbohydrates by microorganisms [57,58]. Carbon as well as
nitrogen are essential nutrients for regeneration and growth of methanogens during the
AD process [54,59]. The results for carbon concentrations are presented in Table 4. In this
study, carbon concentrations differed significantly (p < 0.05) between untreated abattoir
samples and treated abattoir samples. Carbon concentrations for pasteurized and sterilized
samples were higher as compared to untreated samples; this may be due to the composition
of carbohydrates being mostly carbon and water, and during heating the water evaporated,
thus leaving C as the most available element within the feedstock [60]. The results obtained
in this study were lower compared to those reported by Khumalo [54] and Ware and
Power [14], who observed a C concertation of 65.60 &= 0.3% TS and 65.8% TS, respectively,
in solid abattoir waste, which consisted of condemned meat, offal, and blood. In their study,
Ware and Power [14] examined solid red meat abattoir feedstock that was co-digested
with dissolved air flotation sludge and wastewater, while Khumalo [54] examined solid
slaughter waste co-digested with winery sludge waste, whereas in this study, only solid
red meat slaughter waste was used for mono-digestion.

Nitrogen (N) concentrations in this study were observed to range from 1.89 & 0.74% to
2.68 £ 0.81% (p < 0.05) across the studied abattoir samples, with the highest nitrogen levels
observed in sterilized cattle abattoir waste (Table 4). The C/N ratio is very important in AD
of organic waste, as methanogens use carbon from the degradation of carbohydrates and N
from the proteins as an energy source to produce biogas [60-62]. The optimum C/N ratio
for AD was recommended in previous studies to range from 15 to 30 [62-71]. The results
for the C/N ratios observed in this study (Table 4) ranged from 18.12 £ 0.41 to 23.91 £ 0.88
across the analyzed red meat abattoir waste and were within the recommended range, thus
suggesting that abattoir waste can serve as a good substrate as a single waste stream for
biogas production [66,72].

According to Wang et al. [17], Nnaemeka [43], and Kigozi et al. [45], it is important
for the C/N ratio not to be higher than 30, as this may result in the quick depletion
of nitrogen by bacteria, thus causing carbon to be in excess in the digester, which may
result in low biogas yield. The low C/N ratio (<10) was also reported by Nnaemeka [43],
Kigozi et al. [45], and Xia et al. [38], resulting in excess nitrogen in the digester, leading to
the formation of ammonia, thus resulting in an increase in pH (>8.5) and a reduced biogas
yield due to microbial inhibition. If the C/N ratio is higher or lower than the recommended
range, co-digestion is recommended to increase the digestion process and increase biogas
yield [17,38,42,45]. The C/N ratios observed in this study in untreated, pasteurized, and
sterilized cattle, sheep, and pig slaughter waste were >10 and <30, indicating that red
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meat abattoir waste can be utilized as a single waste stream in AD. Pasteurization and
sterilization pre-treatment was observed to increase the C/N ratio in this study, thus
supporting previous observations reported by Kigozi et al. [45] and Xia et al. [38] that
thermal pre-treatment has the ability to enhance the solubilization of organic matter, thereby
enhancing feedstock biodegradability by microorganisms during AD.

The results for NHy" in this study are presented in Table 4 and ranged from
1.03 £0.09 g/L t0 3.08 = 0.31 g/L (p < 0.05) across the analyzed red meat abattoir slaughter
waste. NHy* was higher in sterilized cattle, sheep, and pig samples compared to untreated
and pasteurized samples. This may be attributed to the higher temperatures of sterilization
compared to pasteurization enhancing Maillard reactions in the feedstock, which may
have produced sugar-amino acid compounds with low biodegradability. According to
Wang et al. [17], NH4* concentrations >3000 mg L~! may cause inhibition of microbial
growth during AD. The results obtained in this study were within the recommended limits
reported by Wang et al. [17], except for the sterilized cattle abattoir waste, which was
observed to have an NH4 " concentration of about 3.08 &+ 0.31 g/L.

The studies by Wang et al. [17], Zhang et al. [18], and Renggaman et al. [73] re-
ported that high pH (>8.5) and high temperature (>90 °C) were reported to increase
NH,*, thus causing inhibition to microbial activity due to its high permeability to bacterial
cell membranes and, as a result, reducing biomethane yield. That was evident in this
study, as sterilization of cattle slaughter waste was conducted at 133 °C and resulted in
NH,4" > 3000 mg/L. However, Edstrom et al. [28] indicated that when NH* concentration
is >3000 mg/L, the AD process, particularly methanogen activity, is inhibited at any pH
level, thus resulting in lower biomethane yield. That was also evident in this study, as
sterilized cattle slaughter waste samples recorded a pH of 6.96, which was observed to be
higher compared to other analyzed red meat slaughter samples, and biomethane yield was
lower in sterilized cattle samples compared to untreated and pasteurized cattle samples
from day 1 to day 23 HRT. In a similar study, Vavilin et al. [74] reported that an NHs* con-
centration of 2500 mg/L inhibited methane production, while an NH4*-N concentration of
3300 mg/L inhibited methanogenesis, completely irrespective of pre-treatment temperature
and pH. Similar observations reported by Vavilin et al. [74] were also noted in sterilized pig
abattoir waste in this study, where NH;* was 2.36 + 0.36 g/L, though lower compared to
the reported value of 2500 mg/L; methane production was lowest compared to untreated
and pasteurized pig abattoir waste from day 1 to day 8 HRT.

In order to control NH* inhibition in AD, previous researchers reported that en-
hancing methanogens activities by acclimatizing and immobilizing microorganisms in the
digester, along with pH (optimal range of 6.8-7.2) and temperature control, may contribute
to the reduction of NHs* concentration [14,17,71,75-77]. During this study, to minimize
NH4* toxicity in the digesters, the temperature was kept constant at 37 £ 2 °C (using a
water bath) and acclimatization of the microorganism was not performed, which may have
resulted in NHy* toxicity in sterilized cattle and pig abattoir slaughter waste samples. As
the AMPTS Il is a closed system, it was not possible to monitor the pH value during the AD
process, but the pH at day 40 of HRT was observed to range from 7.83 & 0.06 to 8.11 % 0.09
across the analyzed red meat abattoir samples in this study, which may indicate that the
pH remained slightly alkaline throughout the AD process. The results obtained in this
study for NHy* were lower than those reported by Njoya [16], Tsegaye et al. [78], and
Suanon et al. [79], who reported NH4" concentrations were >4000 mg/L. The results of
NH4* concentrations observed in this study were also lower compared to those previously
observed in AD of abattoir waste by Lauterbock et al. [80] and Musa et al. [81], where
concentration of NHs* exceeded 6000 mg/L.

The VS in the red meat slaughter waste was present in the form of protein, lipid,
and carbohydrate contents (Table 4), with a concentration range of 33.45 & 0.04% TS to
45.8 £ 1.25% TS, 13.21 £ 0.41% TS to 27.3 = 0.77% TS, and 2.79 £ 0.19% TS to 14.24 £ 0.46%
TS, respectively, for proteins, lipids, and carbohydrates across the analyzed samples in
this study (p < 0.05). As abattoir waste is characterized by high protein and lipid content,
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this was also observed in our study, as the concentration of proteins and lipids was higher
compared to carbohydrate concentrations. Carbohydrate concentrations in untreated red
meat abattoir slaughter samples in this study were observed to be higher than those of
pasteurized and sterilized pre-treated samples, and results differed significantly across the
analyzed samples (p < 0.05).

The high carbohydrate concentration in untreated red meat slaughter waste was
reported previously to be associated with partially digested lignocellulosic material, as
well as the crude fiber concentration contained in ruminal content that was included as
part of the feedstock in this study [82]. Pasteurization pre-treatments were also observed
to increase carbohydrate concentration in cattle, sheep, and pig abattoir slaughter waste
samples, attributed to the solubilization of complex molecules to simpler sugars which are
easily biodegraded by methanogens during AD [73].

The high protein content in the abattoir samples in this study is consistent with the
literature, where it has been reported that abattoir waste is rich in both proteins and
lipids [73-75]. Pasteurization pre-treatment in this study was observed to increase the
protein and lipid concentration as compared to untreated and sterilized samples due to
the enhancement of organic matter solubilization. Sterilization had a negative impact on
protein concentration, as the values were low compared to control and pasteurization
treatments. This may be due to the denaturing effect of the high-temperature sterilization
process on proteins [73,75].

3.2. Results: Impact of Thermal Pre-Treatment on Biomethane Potential Yield of Red Meat Abattoir
Solid Slaughter Waste

Biomethane production for the studied abattoir waste samples in this study were
performed with a 40-day HRT and the results are presented in Figures 2—4. Biomethane ac-
cumulation in this study varied from 1756.33 Nml to 3297.87 Nml (1.77 m3cps/kgys
to 3.30 m3cpa/ kgys) for cattle abattoir waste (Figure 2), 1125.4 Nml to 1821.73 Nml
(1.23 m3cps/ kgys to 1.82 m3cra/ kgys) for sheep abattoir waste (Figure 3), and 610.67 Nml
to 949.57 Nml (0.611 m3cpy/kgys to 0.95 m3cyy/kgys) for piggery waste (Figure 4).
Biomethane production was observed from day 1 in all samples, and all pre-treated abattoir
waste samples yielded more biomethane as compared to untreated abattoir waste sam-
ples at the end of the 40-day HRT. This can be attributed to the pre-treatment breaking
down complex molecules into simpler substances, thus making them more bioavailable
for degradation by methanogenic bacteria. The degradation of the complex molecules
has been observed previously to enhance the hydrolysis stage of the anaerobic digestion
process. This observation was also depicted in this study, where sterilized sheep abattoir
slaughter waste samples and pasteurized samples yielded more biomethane in the early
days of digestion as compared to untreated samples.

The highest methane yields were obtained in sterilized pre-treated cattle waste despite
its low biomethane production from day 1 to day 23 (Figure 2) as compared to the control
and pasteurized cattle abattoir waste. The delay in methane production may be attributed
to the production of long chain fatty acids (LCFAs) from the hydrolysis of fats within the
samples, which were reported in previous studies to reduce methane activity [54,74]. Other
authors have reported that sterilization causes the accumulation of microbial metabolic
waste including the accumulation of metabolic acids which may impact the hydrolysis stage,
thus affecting the microbial activity required for AD [14,54,59,60,74]. This also supports the
findings reported by Kavuma et al. [15], who observed in their study that sterilization may
alter the environmental conditions necessary for microbial growth due to the hypertonic
environment caused by the high temperature and pressure during pre-treatment, which in
turn reduced gas production during the early days of AD and led to the reduction in food
nutrients necessary to support microbial growth.
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Figure 2. Biomethane accumulation of cattle abattoir waste at a mesophilic temperature (37 °C) for
untreated, sterilized, and pasteurized samples with an HRT of 40 days.
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Figure 3. Biomethane accumulation of sheep abattoir waste at a mesophilic temperature (37 °C) for
untreated, sterilized, and pasteurized samples with an HRT of 40 days.
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Figure 4. Biomethane accumulation of pig slaughter waste at a mesophilic temperature (37 °C) for
untreated, sterilized, and pasteurized samples with an HRT of 40 days.

The hypertonic environment due to sterilization has been reported in previous studies
to further result in the osmotic potential of the abattoir feedstock being higher than that of
the microbial cell cytoplasm, thus affecting the growth of microorganisms in the digester,
thereby reducing gas production [14,52,53,60,61]. This effect of reduced biogas production
in the early days of AD was also evident in this study in sterilized cattle abattoir slaughter
waste (Figure 2) and pig abattoir slaughter waste (Figure 4). Sterilization and pasteuriza-
tion pre-treatment of red meat abattoir slaughter waste had a significant impact on the
biomethane production yield (p < 0.05) in cattle, sheep, and piggery abattoir waste (Table 5).

Table 5. Analysis of pre-treatment’s effect on the biomethane yield of abattoir waste digested.

Abarglolzre ‘(/)\fas te Experiment Treatments (Mean + Standard Deviation) (;; -;kgr)g)
Untreated Sterilized Pasteurized
CSW 1323.89 +£56.532  1699.98 +43.94> 228420 & 37.99 <0.0001
SSW 915.76 £25.072  1291.93 + 16.38P  1471.79 £29.43 ¢ <0.0001
PSW 414.67 £13.082  549.67 +3859°  652.07 +46.88 ¢ <0.0001

47¢ Mean values within a row with different superscripts are significantly different (p < 0.05). CSW = cattle
slaughter waste, SSW = sheep slaughter waste, PSW = pig slaughter waste.

The earlier start of biomethane production in all samples in this study may be at-
tributed to the fact that the inoculum that was used already contained active microor-
ganisms that were adapted to the reaction conditions and the type of feedstock in the
digester, thereby reducing the lag phase [83,84]. The biomethane production of untreated
and pre-treated samples in this study was observed to reach stable methane production by
28-30 days HRT and AD was terminated when daily biomethane yield was less than 1% of
the total biomethane volume produced throughout the AD process for four consecutive
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days, in accordance with Ware and Power [14]. Termination of AD was performed at day
40 of HRT.

Biomethane yield in pasteurized samples in this study was observed to be higher than
the untreated and sterilized samples (Figures 2—4); this may suggest that pasteurization
produced significant thermal particle disintegration and hydrolysis, realizing more readily
biodegradable compounds [20,51-54,59,60]. Biomethane accumulation of sterilized cattle
and pig abattoir slaughter waste started slow, and only picked up at day 20 and day 9,
respectively. This may be due to the particle disintegration and the hydrolysis process
being affected by high sterilization temperature, which may have denatured proteins in
the feedstock, thereby affecting the chemical structure and composition of the nutrients
needed for microbial growth [22,29,54]. The impact of sterilization pre-treatment on protein
denaturation is also evident in this study, where protein concentrations for sterilized
samples were lower as compared to control and pasteurized samples (Table 4). Thus,
sterilization leads to lower bioavailability of biodegradable compounds.

Even though biomethane accumulation in sterilized samples started slow as com-
pared to untreated and pasteurized samples, both sterilized and pasteurized samples were
observed to have produced higher biomethane when the experiment was terminated at
day 40 HRT. This increase due to thermal pre-treatment, with positive effects on anaerobic
digestion performance, has been reported for many different types of organic waste, i.e., for
sewage sludge by Oludare et al. [75] and pig manure by Edstrom et al. [28].

The results obtained in this study for biomethane accumulation in pasteurized and
sterilized cattle abattoir waste were higher compared to those reported by Li et al. [20]
(0.46 m3CHy/kgys to 0.58 m3CHy /kgys) [26] (0.23 m3CHy/kgys to 0.62 m3CH, /kgys) and
Palatsi et al. [84] (0.63 m3CH,/ kgys to 0.78 m3CH,/ kgvs). The difference in biomethane
yield in this study as compared to that reported by Rodriguez-Abalde et al. [25],
Palatsi et al. [84], and Hejnfelt and Angelidaki [27] may be due to the difference in HRT,
operational temperature, inoculum used and the physicochemical properties of the feed-
stock. The results of biomethane accumulation for cattle abattoir waste in this study were
also higher than those reported by Yenigiin and Demirel [77], who observed a methane
yield of 0.681 m3CHy/kgys during AD of slaughter waste (cattle rumen contents mixed
with blood). This may be due to the composition of the feedstock used as well as the
AD operational temperature, as in their study rumen content, fat, and blood were used
as feedstock with an AD operation temperature of 55 °C. The results for cattle abattoir
waste observed in this study were also higher compared to those reported by Ware and
Power [14], where the authors reported a biomethane yield of about 0.64 m3CH,/ kgys.
The AD of cattle abattoir slaughter waste feedstock in a study by Ware and Power [14]
was operated under a mesophilic temperature of 39 £ 2 °C, which was slightly higher
than the 37 & 2 °C that was used in this study, which could be the reason for the dif-
ference in biomethane yield observed. It was also noted that the C/N ratio is a critical
parameter for anaerobes in AD; the C/N ratio in this study was higher compared to
those reported by Ware and Power [14], which may be the other contributor to higher
biomethane yield observed in this study. The results for piggery biomethane accumulation
in this study were observed to be in a range similar to those reported by Diaz et al. [78],
where biomethane accumulation for pasteurized and sterilized pre-treated piggery abat-
toir waste ranged from 0.58 m3CH,/ kgys to 0.96 m3CH,/ kgys. The biomethane accu-
mulation observed in this study was also higher than that observed by Bayr et al. [49],
Rodriguez-Abalde et al. [25], and Hejnfelt and Angelidaki [27], who reported a biomethane
accumulation of 0.43 m3CHy/kgys, 0.58 m3>CHy /kgys, and 0.23-0.62 m3CHy /kgys, respec-
tively, for pasteurized pig abattoir waste.

During this study, it was observed that pre-treatment had a significant impact on
biomethane accumulation (p < 0.05) (Table 5), where a twofold increase was observed in
both pasteurized and sterilized cattle, sheep, and piggery abattoir samples at day 40 HRT.
Similar observations were also reported by Edstrom et al. [28], but they observed a fourfold
increase in biomethane yield after pasteurization pre-treatment of abattoir waste at 70 °C
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for 1 h. The high methane yield of pre-treated samples as compared to untreated samples
was attributed to the fact that pre-treatment decreased particle sizes, thus leading to an
increase in the accessible active sites to which exocellular enzymes can attach and cleave
complex macromolecules into simpler and more biodegradable constituents [29].

The high methane yield in pre-treated samples may also be due to the increased accessi-
bility of lipids to the microorganisms resulting from the heat treatments, i.e., pasteurization
and sterilization [29,75]. In contrast to the observed results, Hejnfelt and Angelidaki [27]
reported that pre-treatment (pasteurization at 70 °C for 1 h and sterilization at 133 °C, 3 bar
for 20 min) had no effects on the biomethane accumulation of abattoir waste. Until now,
there has been limited or no research conducted on solid sheep abattoir waste and this
study may be the first to report on the AD of such feedstock.

3.3. Results for Biogas Composition

The results for biogas composition are presented in Table 6. The biogas compo-
sition in this study ranged from 54.69 & 1.66% to 65.17 + 3.99% CHy, 129 £ 10.87 to
177 £ 36.98 ppm NH3, 24.83 &+ 1.17% to 39.4 & 2.18% CO,, 0.4 £ 0.00% to 1.6 & 0.03% O,,
and 113 £ 33.74 ppm to 318 £ 31.56 ppm HjS. The H,S has been reported to cause corro-
sion in digesters and may lead to a further impact on methanogen activity due to sulfide
inhibition [76,79]. The results in this study were higher compared to those observed by
Kavuma et al. [15], who observed a methane volume range of 40.6% to 50.4%. The methane
composition in this study was also higher than that reported by Budiyono et al. [46], where
they observed a biogas CH, volume of about 48.89%. The methane volumes observed in
this study were comparable to those reported by Tsegaye et al. [79], where the CH4 volume
in biogas from AD of abattoir waste ranged from 53.4% to 66%.

Table 6. Biogas composition of cattle, sheep, and pig abattoir waste in relationship to sample
pre-treatment. Results represent mean =+ standard deviation (1 = 20).

Type of Pre- Biogas Composition
Abattoi
Waste  reatment  NH, (ppm)  CH4 (%) CO;, (%) 0, (%) H,S (ppm)
untreated 68 +23.01 5703+ 1.67 2713+094  1.07 +£0.04 251 +36.12
cattle sterilized 35+19.88  6359+2.01 2641+1.33 0.4 £0.01 117 + 43.09

pasteurized 40 £+ 31.01 65.17 +£3.99 2483 +1.17 0.4 £ 0.00 104 + 19.66
untreated 54 +15.65 56.41 +1.34 3342 +241 1.26 + 0.09 268 £ 29.99
sheep sterilized 43 £ 26.88 60.33 +£2.89  29.63 + 1.56 0.6 £ 0.02 159.3 £ 31.97
pasteurized 29 +10.87 64.87 +4.11 25.3 £2.32 0.5+ 0.01 141.73 + 44.32
untreated 77 £36.98 54.69 + 1.66 39.4 +2.18 1.6 £0.03 318 £+ 31.56
pig sterilized 53 +21.22 59.84 + 2.61 28.2 +1.86 0.4 +0.01 163 £ 21.19
pasteurized 33 +£19.99 63.09 + 3.09 262 +1.67 0.5+ 0.02 113 £ 33.74

The methane volume in this study was lower compared to that reported by Njoya [16],
where the CHy volume in biogas was observed to be 72.33%. The biogas composition
observed in this study was comparable to that reported by Ware and Power [14], where
they reported a CHy concentration of about 63%.

Methane production in the study here was higher in pasteurized samples as compared
to untreated and sterilized abattoir samples, and the biogas composition differed signifi-
cantly amongst pre-treatments (p < 0.05). Pasteurized samples gave the highest methane
production; this may be attributed to the high C/N ratio and VS and lower NH;* concentra-
tions as compared to untreated and sterilized samples. The concentration of gaseous NH3
in this study ranged from 29 + 10.87 to 77 £ 36.98 across the samples analyzed in this study.
NHj3;, CO,, and HjS are very corrosive gases that can affect the biogas quality downstream
and damage generators and steel pipes. NHj affects the overall quality of biogas, impacting
its calorific value and energy density. High NHj3 levels can lower the efficiency of biogas
utilization, leading to decreased energy production and reduced economic viability.
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The volume of CO; reported in this study was lower than that reported by Nnae-
meka [43], where the reported volume was 47.87%. A study by Njoya [16] reported a CO,
volume of about 23.33% in biogas produced during AD of abattoir waste, which is lower
than the CO; volume reported in this study. The CO, volume in this study was lower
than that reported by Ware and Power [14], where a CO; concentration of about 37% was
observed during the AD of abattoir waste. The presence of CO; and H,S in biogas in high
concentrations results in a low heat value of the produced biogas and reducing CO, and
H,S content significantly improves the quality of biogas produced. Pasteurization was
observed to result in a lower concentration of CO; and H,S as compared to untreated and
sterilization pre-treatment.

3.4. Results for Solid Reduction Efficiency Anaerobic Digestion of Abattoir Waste

Reduction of TS, VS, and COD during anaerobic digestion is referred to as solids/
organic load reduction, which occurs when microbes degrade organic substrates [43,72,80].
The reduction efficiency of AD on TS, VS, and COD is represented in Table 7. The results for
COD reduction in this study ranged from 73.19 £ 1.23% to 86.87 £ 1.09%, 71.33 £ 2.49% to
81.66 £ 1.99%, and 79.59 £ 0.99% to 87.61 £ 1.19% for cattle, sheep, and pig abattoir waste,
respectively. The substrate COD is released in the medium due to microbial activities and
their subsequent consumption as carbon sources [80]. Usually, COD removal is one key
value reflecting the efficiency of anaerobic digestion of the liquid substrate, and for a typical
stable anaerobic digestion system, the value of COD removal is generally above 80% [17].
COD is used as a carbon source by microorganisms during the anaerobic digestion of
organic waste [72].

Table 7. Solid reduction efficacy of TS, COD, and TS. Results mean + SD (n = 20).

Type of Abattoir Waste Pre-Treatment Solid Reduction
COD (%) VS (%) TS (%)
Cattle Untreated 7319 £1.23 78.81 + 1.67 68.37 £2.01

Pasteurization 86.87 = 1.09 80.45 £ 2.55 73.56 £ 2.78

Sterilization 83.65 + 2.33 78.58 +2.01 76.98 + 2.03

Sheep Untreated 71.33 £2.49 78.53 £+ 1.66 67.62 + 1.83
Pasteurization 81.66 = 1.99 88.65 +1.97 78.96 + 2.44

Sterilization 78.47 +2.13 86.29 + 1.45 76.35 +£1.21

Pig Untreated 79.59 £ 0.99 81.13 £1.36 73.42 +2.02
Pasteurization 85.74 + 2.87 84.35 +2.79 79.86 + 2.89

Sterilization 87.61 +1.19 83.29 + 1.49 77.64 +1.96

According to Lauterbock et al. [81], COD reduction of >80% shows that AD has excel-
lent and stable performance for COD removal and thus has great potential for the biological
treatment of red meat abattoir slaughter waste. The results obtained in this study for COD
reduction during AD of red meat slaughter waste were >80% in all pre-treated samples,
indicating that pasteurization and sterilization pre-treatment of red meat slaughter has
the ability to promote higher COD reduction efficiency. There was a significant difference
(p < 0.05) in COD reduction efficiency observed amongst both sterilized and pasteurized
pre-treatments during AD of abattoir waste compared to untreated samples.

The results observed in this study for COD removal were lower compared to
Musa et al. [82], where the authors observed a >95% COD reduction in AD-treated abattoir
waste with HRT ranging from 50 days to 90 days. This can be attributed to the longer HRT
of 50 to 90 days as compared to the 40 days HRT in this study, as well as the feeding method,
as they used continuous feeding, whereas in this study batch feeding was utilized. The
COD removal at day 40 HRT observed by Musa et al. [82] was >83%, which is comparable
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to the observation of COD removal in this study. The results in this study for COD removal
in abattoir waste were also lower as compared to those reported by Hernandez et al. [85],
where the COD removal efficiency of AD ranged from 82.58% to 91.41% with a 40-day HRT.
The results for COD in this study were higher than those observed by Maria et al. [86],
where they reported a removal efficacy of about 79% during AD of abattoir waste with
20 days HRT. It should also be noted that comparison for day 20 HRT in this study with
that observed by Maria et al. [86] was not possible, as in our study the experiment was a
batch AD in a closed system. The results reported in this study for COD were comparable
to those reported by Sunada et al. [87], where the researchers observed a COD reduction
efficacy of 85.9% with similar HRT and operational AD conditions with pasteurized and
sterilized red meat slaughter waste.

The difference in COD removal efficacy observed in this study for pre-treated abattoir
samples may be attributed to the impact of the different high temperatures imposed on
simple organic compounds, making them more readily available for microorganisms in the
digester [87]. High COD removal may also be attributed to longer HRT, which has been
observed in previous studies by Musa et al. [82], Hernandez et al. [85], Sunada et al. [87] to
decrease VFA, thus causing a decrease in the accumulation of these acids in the digester and
in turn an increase in COD removal efficacy. With the significant reduction in COD of >70%
during the AD of red meat slaughter waste observed in this study, as well as the reduction
reported in literature, it is evident the AD can be utilized for both waste management and
treatment to minimize the environmental impact COD has in causing the eutrophication of
receiving aerosols.

The reduction efficiency at 40 days HRT for VS was observed to range from
78.58 £ 2.01%-80.45 £+ 2.55%, 78.53 + 1.66%-88.65 £ 1.97%, and 81.13 £ 1.36%-—
84.35 £ 2.79% for cattle, sheep, and pig abattoir waste, respectively (Table 7). The VS
reduction efficacy differed significantly between treatments (p < 0.05). The results observed
in this study were higher than those observed by Sunada et al. [87], where VS reduction
efficacy was reported to be 70.44% with 28 days HRT. The results in this study were also
higher as compared to those reported by Alfa et al. [88], where the VS reduction was
observed to be 47.12%. The high VS reduction during AD indicates that most of the organic
matter contained in the cattle, sheep, and pig solid slaughter waste was converted to
biogas [89,90].

At 40 days HRT, TS reduction ranged from 68.37 & 2.01% to 76.98 £ 2.03%, 67.62 & 1.83%
t0 78.96 £ 2.44%, 73.42 + 2.02% to 79.86 £ 2.89% for cattle, sheep, and pig abattoir waste,
respectively (Table 7). The TS reduction efficacy differed significantly (p < 0.05) amongst
pre-treatments. Reduction efficacy in this study was observed to be higher in pasteurized
samples as compared to control and sterilized samples. The results in this study were
higher than those observed by Alfa et al. [88], where the TS reduction efficacy in AD of
abattoir waste was 53% for anaerobically digested pasteurized cattle abattoir waste. The
lower TS reduction observed by Alfa et al. [88] as compared to this study may be due to
their HRT of 30 days, whereas in this study HRT was 40 days.

4. Conclusions

The organic waste streams from the sampled abattoir facilities proved to have high
potential as feedstock for anaerobic digestion when treated as a single waste stream. The
physicochemical characteristics of abattoir waste such as pH, VS, C/N ratio, etc., fell within
the recommended values indicative of a good feedstock for anaerobic digestion treatment.
The results of this study showed that pasteurization and sterilization of abattoir waste prior
to anaerobic digestion had a positive impact on the physicochemical properties of red meat
abattoir solid waste, as it increased its nutrient bioavailability and solubilization, which are
essential for the performance and stability of AD, as well as the growth of the AD microbial
community. It was observed in this study that high temperatures (sterilization) denatured
proteins while pasteurization increased their concentration.
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Pasteurization and sterilization pre-treatment of abattoir waste prior to anaerobic
digestion was observed to enhance biomethane production. Higher biomethane production
was observed in pasteurized abattoir samples as compared to sterilized abattoir samples.
It was observed in this study that high temperatures (sterilization) denature proteins,
thus impacting on biomethane production. The HRT had an influence on increasing the
reduction efficacy of TS, VS, and COD during AD of abattoir waste (>70%), and a longer
retention time will be recommended to yield even higher organic reduction. The high
solid reduction efficacy in this study revealed that abattoir waste is biodegradable and
most of the organic solid can be converted into biogas. Pasteurized abattoir samples
yielded more biomethane and high solid reduction efficiency compared to the control and
sterilized samples. Thus, this study recommends that pasteurization be adopted as a means
of pretreatment for anaerobic digestion during AD of red meat abattoir solid waste in
South Africa.
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