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Abstract

Wastewater from the slaughterhouse industry is characterized by high levels of organic matter and nutrients. Due to this, it
cannot be handled by a single or standalone treatment technique such as anaerobic digestion, as it does not provide effluent
pollutant (organic matter and nutrients) concentrations that meet the desired discharge limits. The objective of this study was
to develop an integrated biological wastewater treatment system that would take slaughterhouse wastewater, produce biogas
in an anaerobic digestion unit by removing major organic matter, and remove most of the nutrients and residual organic
matter in a microalgae photobioreactor. The integrated bench-scale treatment system indicated perceptible performance,
with overall removal efficiencies of 99% of TCOD, SCOD, and BOD, 93-99% of TDS, 99% of TN, 98-99% of NH,*-N and
PO4‘3, 90-95% of NO;™ and TP, and 97-98% of SO4‘2. In addition, 189.5 mL/day of biogas and 128.4 mL/day of methane,
with an average composition of 67.69%. Furthermore, from the Chlorella species, Scenedesmus species, and their co-cultures’
crude lipid, the biodiesel content of 72-79%, 67-78%, and 71-81%, respectively were obtained. The final effluent of the
photobioreactor meets the minimum acceptable national environmental quality standards of Ethiopia. In general, from the
lipid composition analysis of microalgae biomass in this study, all three (Chlorella sp., Scenedesmus sp., and co-cultures)
strains cultivated in two-phase AD effluent can be noted as suitable feedstock for biodiesel.

Keywords Biowaste as a resource - Circular bioeconomy - Integrated wastewater treatment - Microalgae based wastewater
treatment - Waste to energy

Abbreviations NH,-N  Nitrogen ammonium
ANOVA Analysis of variance OD Optical density
AD Anaerobic digestion OLR Organic loading rate
APHA American Public Health Association ORP Oxidation-reduction potential
ASBR Anaerobic sequential batch reactors RE Removal efficiency
BBM Bold’s basal medium Rr Removal rate
BOD Biological oxygen demand SCOD Soluble chemical oxygen demand
COD Chemical oxygen demand SEM Scanning electron microscope
EC Electrical conductivity SHWW  Slaughterhouse wastewater
HRT Hydraulic retention time S* Sulfide
NO;~N  Nitrate-nitrogen SO, 2 Sulfate
TotA Total alkalinity
TDS Total dissolved solid
0< Bedane Dejene Tsegaye TCOD  Total chemical oxygen demand
dejene.tsegaye @aau.edu.et TN Total nitrogen
Asfaw Seyoum Leta TSS Total suspended solids
seyoum.leta@aau.edu.et TN Total phosphorous

' Center for Environmental Science, College of Natural UN United Nations
: . USAB  Upflow sludge bed

and Computational Sciences, Addis Ababa University, P.O.
Box 1176, Addis Ababa, Ethiopia

Published online: 12 March 2024 @ Springer


http://orcid.org/0000-0003-1317-6788
http://orcid.org/0000-0003-3774-4663
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-024-05498-1&domain=pdf

Biomass Conversion and Biorefinery

TVFA
VFA

Total volatile fatty acids
Volatile fatty acids

1 Introduction

Agro-processing industries are major contributors to the
industrial pollution in the globe. Similarly, one of the biggest
issues that developing countries like Ethiopia have to deal
with is the management wastewater from agro-processing
industries [1, 2]. Due to the lack of a suitable infrastructure
for wastewater collection and treatment, rapid population
increase, industrialization, and urbanization have resulted
in the production of massive volumes of wastewater that
are frequently released carelessly into the environment [3].
Untreated wastewater from slaughterhouse industry, on the
other hand, is contaminated with microorganisms that are
dangerous to both human health and the ecosystems that
receive it [4-6]. Likewise, the increasing demand of meat in
Ethiopia leads further expansions of slaughterhouses in the
country which in turn resulted in a large number of waste-
waters released to the environment [7, 8].

In their nature, slaughterhouses are categorized among
industries characterized by water-consuming agro-pro-
cessing industries. The wastewater is mainly composed
of manure and urine, blood, stomach materials, and wash
waters. Studies have presented that a composite slaughter-
house effluent has a high suspended solids (SS) (3,835.33 to
8,000 mg/L), insoluble and soluble organic concentrations
that exhibit high chemical oxygen demand (COD) (4,000
to11,546.67 mg/L), and biological oxygen demand (BOD)
(1,200 to 4,500 mg/L), and is categorized as strong waste-
water [5, 9]. Moreover, it is also high in phosphorous (30 to
202 mg/L) and nitrogen (95.2 to 1,200 mg/L) contents [10,
11]. These high strengths of the slaughterhouse wastewater
(SHWW) cause severe influence to the receiving environ-
ment [4, 7], eutrophication effects of nitrate and phosphate,
and high oxygen demand of organic wastes, demand appro-
priate and an all-inclusive management approach [7].

Despite the risks associated with slaughterhouse waste-
water, its abundant organic matter and nutrients might be
utilized as valuable resources through producing renewable
energy in the form of biogas, nutrients in the form of bio-
compost (biomass residue or sludge) or supernatant (diges-
tate) [12]. The complexity and variability of the pollutants
present issues for such wastewater, necessitating the use of
highly efficient technology to meet water quality regula-
tions. In addition, the United Nations is urging everyone to
have equitable access to safe and reasonably priced drinking
water by 2030 under the Worldwide Sustainable Develop-
ment Goals (SDGs), as the most recent data from the UN
revealed that most nations are still making slow progress
toward this objective. Consequently, the attainment of
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sustainable water provision for society is greatly aided by
wastewater treatment. Because beneficial byproducts can be
recovered or reused, wastewater management not only cre-
ates new business models but also opens up new paths for
the circular economy [13, 14]. Therefore, the selection of
the most appropriate treatment methods can be important
factor to minimize the overall treatment cost. The use of
a single type of treatment system such as biological [9] or
physicochemical for agro-processing industries like slaugh-
terhouse wastewater still leaves organic matter and nutrients
at concentrations above the legal discharge limits [15] or
secondary pollutants could potentially be created as a result
of adding metal coagulants. Furthermore, cutting-edge tech-
nologies including membrane filtration, ion exchange resins,
an electrolysis system, and reverse osmosis [16] are unsuit-
able for use in developing nations, costly, and require skilled
personnel. Apart from their dependable treatment capacity
and effluent quality, conventional wastewater treatment
technologies based on the activated sludge process used in
developed countries are typically not suitable for developing
countries due to a number of factors, including high installa-
tion, maintenance, and operational costs [17]. Several treat-
ment technologies, including physicochemical systems, bio-
logical systems (anaerobic or aerobic), constructed wetlands,
electrochemical methods, membrane bioreactors, advanced
oxidation processes or hybrid systems including two or more
of the above-mentioned methods have been proposed and
tested for agro-industrial wastewater treatment [17], which
differ on their capital and operation cost. To meet allowable
pollutants concentration limits and environmental sustain-
ability requirements, agro-processing industries and munici-
palities requisite to employ proficient wastewater treatment
routes [7, 15]. Due to this, different researchers [18, 19] also
pinpointed the effectiveness of integrated biological treat-
ment systems compared to conventional treatment schemes
for agro-processing industrial wastewater. This is mainly due
to the high pollutant removal efficiency and value added
product generated from the integrated treatment systems
or technologies [15]. Moreover, for the treatment of such a
tough agro-processing industrial wastewater evidently pref-
erably handled by integration of different biological pro-
cesses [20], anaerobic digester or reactor mainly for organic
matter removal and phytoremediation as a polishing unit
for nutrients and residual organic matter [15]. Many typical
post-AD treatment techniques based on physico-chemical
and biological approaches address the organic matter and
nutrients in the anaerobically treated effluent from the agro-
processing industry using different combinations of aero-
bic and anoxic phases. Unfortunately, because to the high
operational and investment costs in the sector [21] as well
as the massive amount of sludge produced, these processes
typically do not permit regular nutrient recovery. Recent
research indicates that using different microalgae species to
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remediate wastewater from the agro-processing industry is
becoming a practical and cost-effective solution. They have
the ability to rapidly eliminate COD, total phosphorus (TP),
and nitrogen (TN) by a process known as mixotrophic assim-
ilation. When combined with microalgae phosphorus luxury
uptake, this method produces high TN, TP, and COD remov-
als at relatively short hydraulic retention times (HRT) [22].
Furthermore, these particular co-culture interactions among
microalgae have numerous benefits for handling wastewater
processes generated by the agro-processing industry, includ-
ing slaughterhouses; they promote cell division, enhance or
decrease nutrient consumption, introduce the production of
allelochemicals, boost resistance to contaminants and preda-
tors, and combine single-cell organisms with floating ones
to create a settleable system [23]. For biomass generation
and nutrient recovery, the majority of study used artificial
wastewater or microalgae culture media, such as Bold's
Basal media (BBM) in flasks [24]. It is currently uncom-
mon to combine two-phase AD with microalgae cultivation
or growing in a photobioreactor [25]. Not much work has
been done, though, to remove nutrients and organic matter
from partially treated agro-processing industry effluent or
to produce bioethanol and biodiesel using a co-culture of
Scenedesmus dimorphus and Chlorella vulgaris for treating
diluted municipal wastewater and Scenedesmus sgrown in
anaerobic digester effluent [19, 26].

Therefore, the objective of this study was to develop and
evaluate the pollutant removal efficiency and comparison of
the parts of the integrated biological wastewater treatment
encompassing AD and microalgae photobioreactors treating
slaughterhouse wastewater.

2 Materials and Methods
2.1 The biological integrated experimental set-up

The biological integrated bench-scale system for the
treatment of slaughterhouse wastewater established at
the Center for Environmental Science consists of a two-
phase anaerobic reactor and microalgae photobioreactor.
Figure 1 shows the schematic diagram of the biological
integrated bench-scale system used for the treatment of the
slaughterhouse wastewater. The two anaerobic sequential
batch reactors (ASBR) have a total volume of 40 L (36
and 4 L, working and headspace, respectively) and were
connected in series with a pipe.

Microalgae were cultivated in a rectangular photobio-
reactor for the purpose of treating the wastewater after
AD. The photobioreactor had the following measurements:
15 cm for height, 20 cm for breadth, and 30 cm for length.
The photobioreactor had a working volume of 8* 10° cm?
and a total volume of 9* 10° cm?. The bioreactors were
coated with clear plastic glass to prevent contamination.
A pair of 20-W Philips fluorescent lamps were utilized as
the light source, producing a maximum light intensity of
150-300 pmolm™2 s~! above the photobioreactor's surface.
At room temperature, the photoperiod was controlled by
an electric timer switch with a 12:12 light/dark cycle. Air
and CO, were supplied via an aerator at 250 and 100 mL/
minute, respectively. For twenty days, the microalgae cul-
ture was conducted in duplicate. Semi-continuous (draw
and feed) mode was used to feed the photobioreactor with
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Fig. 1 Schematic diagram (a) of the bench-scale two-phase AD experimental setup
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the effluent of the two-phase AD system. The photobio-
reactor's microalgae biomass was removed after a 20-day
incubation period, and a fresh batch was fed. Before feed-
ing, the effluent was filtered via 21-mm Whatman filter
paper. The biomass of the microalgae was extracted by
evaporation following the experiment's conclusion or after
a twenty-day incubation period. After that, the effluent's
physico-chemical characteristics were examined. Hence,
the complete two-phase AD system had a total volume of
80 L, while the microalgae photobioreactor had a total
volume of 9 L. The temperature of the two-phase AD sys-
tem was maintained at 37.5+ 0.1 °C using hot water cir-
culated from a thermostatic water bath (Hangzhou West
Tune Trading Co., Ltd, Zhejiang, China). The microalgae
Chlorella and Scenedesmus species were isolated from
freshwater sample, Awassa Lake, Awassa, Ethiopia, and
conveyed to the laboratory.

2.2 Operating condition of the integrated system

The SHWW was fed to the HR at an OLR of 1879 mg of
COD/L*day. The hydrolytic-acidogenic reactor effluent is
then channeled into the MR then to the microalgae photobio-
reactor. The HR effluent operated at a 3-day HRT or OLR of
1879 mg of COD/L*day was used as a feedstock for the MR
phase. The MR was operated at an OLR of 298 mg/L*day
at HRT of 6 day. The description of the microalgae pho-
tobioreactors were indicated in detail in [6]. Feeding of
both reactors (HR and MR) was once a day manually in
a sequential manner in order to keep the semi-continuous
mode. Initially, the MR effluent was discharged and fed to
a microalgae photobioreactor or stored in collection tank.
Then, an equal amount of HR effluent was fed to MR by
opening the control valves. Lastly, the HR was fed with the
same volume of SHWW. The volume discharged or fed to or
from the reactors was calculated based on the OLR or HRT
and the volume of the reactors in both phases. The perfor-
mance of bench-scale integrated system treating slaughter-
house wastewater has been evaluated at optimal conditions.

2.3 Wastewater sampling and analysis

From the influent and effluent of each treatment units, trip-
licate samples were collected for SHWW characterization
and performance evaluation of the AD system and microal-
gae photobioreactors. The analysis of the samples was per-
formed using standard methods (APHA) for the following
selected parameters that are considered to be harmful to the
receiving environment: chemical oxygen demand (COD),
total nitrogen (TN), ammonium nitrogen (NH,*-N), nitrate-
nitrogen (NO,™-N) sulfides (S72) and sulfate (SO, >7). TS
and VS were analyzed according to Standard Methods for
the Examination of Water and Wastewater (APHA, 2017)
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using an oven at a temperature of 105 “C and 550 °C, respec-
tively. Accordingly, TCOD, SCOD, BODs, TN, NH,*-N,
NO;~, TP, PO,~3, SO,~2, and S~2 were following HACH
instructions using a spectrophotometer (HACH DR/3900
HACH, Germany). Resistivity, salinity, electrical conduc-
tivity (EC), and total dissolved solids (TDS) were analyzed
by a multi-meter (EUTECH Instruments, Madrid, Spain).
pH and oxidation—reduction potential (ORP) were analyzed
using a JENWAY pH meter JENWAY, Manchester, UK).
TVFA and TotA were analyzed using titration according
to the standard method [27]. Total biogas production was
measured by sucking the biogas collected in a 2-L glucose
bag using a 100-mL airtight syringe while its composition
was measured using a gas analyzer (Geotechnical Instrument
Gas Analyzer, Leamington Spa, UK).

2.4 Data Analyses

The data generated from the sample analysis were entered
into the MS Excel spreadsheet based on the objectives set
for further statistical analysis. The statistical analysis for
mean, standard deviation and one-way analysis of variance
(ANOVA) at 95% confidence intervals was performed using
Minitab statistical software to compare the performance of
the two-phase AD system and microalgae photobioreactor,
and Origin 2022 software were used to draw figures. All the
sample values analyzed for the parameters under study were
taken in at least triplicate.

3 Results and Discussions

The biological integrated treatment system performance
efficiency as well as the association between the compo-
nents (two-phase and microalgae photobioreactor) were
presented in subsequent sections. The concentration of pol-
lutants in SHWW and effluent of treatment units is presented
in Table 1.

3.1 Organic Matter Removal Efficiency

The organic matter removal efficiency of the bench-scale
integrated biological treatment system composed of the
two-phase AD and a microalgae photobioreactor as a pol-
ishing step was above 90%. The final effluent BOD, SCOD,
and TCOD concentrations found for the photobioreactor
in which Chlorella sp., Scenedesmus sp., and their co-
culture cultivated were 73.67 +6.51, 120.67+6.51, and
62.67 +4.73 mg/L, respectively. The average overall BOD,
SCOD, and TCOD removal efficiency found in this study
for Chlorella species, Scenedesmus species, and the co-
culture was 98.59, 98.68, and 98.75%; 99.17, 99.21, and
99.31%; 98.69, 97.86, and 98.89%, respectively. Similarly,
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Table 1 The average effluent pollutant concentration or values of the integrated treatment parts

Parameter Slaughterhouse wastewater ~ HR effluent MR effluent Photobioreactor effluent

Chlorella sp.  Scenedesmus sp.  Co-culture
TCOD (mg/L) 5366.43 +83.80 4944.75+241.75  910+7.82 73.67+£6.51 120.67 £ 6.51 62.67+4.73
SCOD (mg/L) 4842.21+83.81 3430.2+800.44 555.23+106.25 40.40+10.67  38.17+7.66 33.59+10.53
BOD (mg/L) 2487.48 £594.54 1174.68+£195.36  166.10+51.40 35.15+13.88  32.74+42.03 31.00+8.78
TDS (mg/L) 1170.74 +399.84 1576.47+106.60  1011.41+138.24  81.28+11.37 83.01+16.79 73.00+10.15
Turbidity (NTU)  566.5+18.5 47.00+10.20 11+2.160 1.95+0.87 2.77+1.31 1.72+0.67
TN (mg/L) 1198.45+15.29 514.0+105.1 367.33+£8.5 14+3.61 13.67+1.53 11+2.65
NH,* (mg/L) 338.4+58.13 369.46 +11.28 351.33+£18.72 3.67+1.53 7.67+£1.53 2+1
NO;™ (mg/L) 453.58 +£81.47 187.3+404 94+7 T+1 8+2 6.67+1.53
TP (mg/L) 1051215 145.25+17.29 99+6 5.67+0.58 10.67 £4.16 6.67+£2.52
PO, (mg/L) 62.33+15.95 98.25+14.59 71.33+14.57 4.67+1.53 6.33+3.21 3.33+1.53
SO,72 (mg/L) 410.33+15.61 220.0+63.8 135.5+44.311 11.49+7.38 9.47+6.51 10.09+4.74

the overall removal efficiency of TDS and turbidity of an
integrated two-phase AD and microalgae photobioreactor
system was 93.06, 92.91, 93.76%, and 99.66, 99.51, 99.7%
by Chlorella species, Scenedesmus species, and co-culture,
respectively (Fig. 2). The results showed that the organic
pollutant removal efficacy of the integrated treatment system
was found to be very high, demonstrating that the integrated
biological system significantly reduced the organic matter to
a level that meets the required environmental quality stand-
ards of the country (Ethiopia) [28].

Higher organic matter removal efficiency is typically
indicated for AD effluent subjected to microalgae-based
treatment systems in the literature. For example, [26,
27, 29, 30] reported comparable BOD, SCOD, and COD
removal efficiency ranging between 90 and 98% by Chlo-
rella species microalgae cultivated in anaerobically treated

Fig.2 Overall pollutant removal
efficiency by the integrated
system
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agro-processing industrial wastewater treatment facilities
[36]. In general, in many studies, it was concluded that Chlo-
rella species microalgae are capable of instantaneous utiliza-
tion of nutrients and COD removal when used in wastewater
treatment [37, 38].

3.2 Nutrient Removal Efficiency

In recent decades, microalgae-based nutrient removal
for AD effluent has become a much-attended concept
both at a local and global level for treating domestic,
agricultural, and industrial wastewater [39, 40]. Conse-
quently, for evaluating the microalgae-based wastewater
treatment system, the removal efficiency of the nutri-
ent plays a key role. High-nutrient loaded anaerobically
treated slaughterhouse wastewater has been supposed to
be more appropriate for growing microalgae as it enables
enhancement in microalgae biomass yield along with
improved nutrient removal. The microalgae cells use the
phosphorus and nitrogen nutrients from the wastewater
for the synthesis of phospholipids, nucleic acids, and
proteins [41]. The average final TN, NH4+-N, NO;™, TP,
PO4_3, and SO4_2 effluent concentrations were 14+ 3.61,
13.67+1.53, 11 +£2.65 mg/L; 3.67+1.53, 7.67 +1.53,
2+1mg/L; 7+1, 8+2, 6.67+1.53 mg/L; 5.67+0.58,
10.67+4.16, 6.67 +£2.52 mg/L; 4.67 +1.53, 6.33 £3.21,
333 £1.53 mg/L, and 11.49+7.38, 9.47+6.51,
10.09 +4.74 mg/L by Chlorella, Scenedesmus, and co-
culture, respectively (Table 1).

The nutrient RE (%) in terms of TN, NH4+-N, NO;~, TP,
PO, 3, and SO, 2 by the integrated system was greater than
90%. More specifically, the TN, NH4+-N, NO;~, TP, PO4_3,
and SO,~? removal efficiencies by Chlorella, Scenedes-
mus, and Co-culture were 98.83, 98.86, 99.1; 98.92, 97.73,
99.41%; 98.46, 98.24, 98.53%; 94.6, 89.84, 93.65%; 92.51,
89.84, 94.66%, and 97.20, 97.69, 97.54%, respectively. The
corresponding effluent concentration obtained by the inte-
grated system for TN, NH,™-N, NO,~, TP, PO, >, and SO, >
was below the country’s slaughterhouse or meat processing
effluent discharge limit [42].

The TN removal efficiency found in this study is consistent
with the previous research results by different scholars such
as Zenebe Yirgu et al. [26], and Mohammed et al. [43], who
reported 94.36-96.08%, 99.20%, 91.90% of TN by Scened-
esmus smicroalgae cultivated in AD effluent agro-processing
industry wastewater. Literature also indicated that the removal
efficiency of more than 90% to complete removal of NH,*-N
attained by Chlorella species, Scenedesmus species, or the
co-culture used or applied in tertiary agro-processing indus-
try wastewater treatment [33]. Subramaniyam et al. [44]
and Lu et al. [36] found a complete removal efficiency of
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PO4‘3, while Ansari et al. [45] reported TP removal efficiency
between 85-88% by Scenedesmus smicroalgae. Furthermore,
different researchers [19, 26] also pinpointed the effective-
ness of integrated biological treatment systems compared to
conventional treatment schemes for agro-processing indus-
trial wastewater. In several studies, it has been shown that
microalgae can reduce nitrogen by up to 85% [46]. Simi-
larly, [32, 47, 48] have also reported 80-100% nitrogen and
83.2-100.0% phosphorous removal, which discloses the high
nutrient removal efficiency of Chlorella scultivated on anaero-
bic piggery digestate. In-line with this, Chlorella zofingiensis
microalgae from freshwater sources employed to treat pig-
gery wastewater removed 90—-100% of TP [48]. Furthermore,
for a dairy wastewater in which an integrated AD-microalgae
phycoremediation was employed, a 93.0 +2.0% removal effi-
ciency of both TP and TN was noted [33]. Again, [47, 49]
found higher removal efficiency, which is comparable with
this study’s results of greater than 97% for both NH,*-N and
PO,~*-P using microalgae as a polishing step for AD effluent.
Similarly, Chlorella vulgaris microalgae cultivated in swine
manure digestate showed 97.2% and 99.7% removal efficiency
for TN and TP, respectively [34]. Chlorella sorokiniana cul-
tivated in AD digestate accomplished TN removal efficien-
cies of 95.3+ 1% in 18 days of incubation [50]. Cultivation
of microalgae at a lab-scale in unsterilized dairy wastewater
showed 83.20-99.26% and 89.92-91.97% removal efficiency
of NH,*-N and TP, respectively in eight-days of incubation
[51]. However, studies have also reported removal efficiency
as low as 50.2 and 65 for TN and TP in anaerobically treated
agro-processing industry wastewater coupled with micro-
algae-based treatment techniques [31, 37]. Literature also
concludes that the microalgae Chlorella species are capable
of simultaneous utilization of nutrients and organic carbon
during wastewater treatment [37]. In Qian et al., [31] it was
found that the maximum removal efficiency of TN, NH4Jr —N,
and TP in the partially (anaerobically) treated piggery effluent
was 58, 88, and 65%, respectively, at an initial pH of 9.0. The
uptake of phosphate by microalgae is an active process that
requires energy, which is stockpiled in the cells and is assimi-
lated in the form of polyphosphate granules by microalgae
[52]. Huo et al. [32] evaluated the feasibility of cultivating
Chlorella zofingiensis using DW in outdoor ponds with pH
regulation by CO, and acetic acid achieved a maximum TN
removal percentage of 51.7% in 5 days. The maximum TN
and TP removal rates obtained in indoor cultivation condi-
tions were 9.8-38.34 and 2.03 mg/L *day, respectively, by Van
den Hende et al. [35]. The variations in the removal efficiency
of TN, NH4Jr —N, NO;~, TP, and PO4_3—P by microalgae in
the anaerobically treated agro-processing industry may be
attributed to the experimental conditions; media type, photo-
period, temperature, pH, microalgae type, and bioreactor type.



Biomass Conversion and Biorefinery

3.3 Comparison of the Two-Phase AD
and Microalgae Photobioreactor Removal
Efficiency

3.3.1 Organic matter removal efficiency

The organic matter such as TCOD, SCOD, BOD, TDS, and
turbidity concentration of SHWW, two-phase AD effluent,
and photobioreactor effluent in which Chlorella species
was employed as a polishing unit were 5366.43 +83.80,
910 +7.82, 73.67+6.51 mg/L; 4842.21 +83.81,
555.23 +£106.25, 40.40 + 10.67 mg/L; 2487.48 +594.54,
166.10+51.40, 35.15+13.88 mg/L; 1170.74 +399.84,
1011.41+138.24, 81.28 +11.37 mg/L, and 566.5 + 18.5,
11+2.160, 1.95 +0.87 mg/L, respectively. The TCOD,
SCOD, BOD, TDS, and turbidity concentrations of SHWW,
two-phase AD effluent, and photobioreactor effluent treated
by Scenedesmus swere, 5366.43 +83.80, 910 +7.82,
120.67 £6.51 mg/L; 4842.21 +83.81, 555.23 +106.25,
38.17+7.66 mg/L; 2487.48 +594.54, 166.10 +51.40,
32.74+42.03 mg/L; 1170.74 +399.84, 1011.41 + 138.24,
83.01 £16.79 mg/L, and 566.5+18.5, 11 +2.160,
2.77 £ 1.31 mg/L, respectively. Similarly, the average
TCOD, SCOD, BOD, TDS, and turbidity concentrations
of SHWW, two-phase AD effluent, and photobioreactor
effluent with co-culture were 5366.43 +83.80, 910+ 7.82,
62.67+4.73 mg/L; 4842.21 +83.81, 555.23 +106.25,
33.59+£10.53 +7.66 mg/L; 2487.48 £ 594.54,
166.10 +£51.40, 31.00+8.78 mg/L; 1170.74 +399.84,
1011.41+138.24, 73.00+10.15 mg/L, and 566.5 + 18.5,
11+2.160, 1.72+0.67 mg/L, respectively (Table 1).
TCOD, SCOD, BOD, TDS, and turbidity removal
efficiency of 82.87%, 88.53%, 93.32%, 73.35%, and
98.06%; 97.86-98.89%, 99.17-99.31%, 98.59-98.75%,
92.91-93.76%, and 99.51-99.70% were achieved at the
two-phase AD and polishing steps by microalgae’s photo-
bioreactor, respectively (Fig. 2). In all cases, the TCOD,
SCOD, BOD, TDS, and turbidity concentration decreased
as it moved from the AD to the microalgae-photobioreactor
unit (Fig. 3). As denoted in Fig. 3 most of the organic matter
(TCOD, SCOD, BOD, TDS, and turbidity) was removed in
the two-phase AD, while their residues were removed at the
polishing step in the microalgae photobioreactor. The vari-
ations of TCOD, SCOD, BOD, TDS, and turbidity removal
efficiency in the two-phase AD system and microalgae’s
photobioreactor were significant (p <0.05).

3.3.2 Nutrient removal efficiency

The TN, NH,*, NO,~, TP, PO, 3, and SO, concentra-
tion of SHWW, two-phase AD effluent, and photobio-
reactor effluent with Chlorella swere 1198.45 +145.29,
367.33 £8.5, 14+3.61 mg/L; 338.4 +58.13,

351.33+18.72,3.67 +£1.53 mg/L; 453.58 £81.47,94 + 7,
7+1 mg/L; 105+ 12.15, 99+6, 5.67 +0.58 mg/L;
62.333 +£15.948, 71.33+14.57, 4.67 +1.53 mg/L, and
410.33 +£12.72, 135.50+44.31, and 11.49 +7.38 mg/L,
respectively. In the same way, for the integrated system
in which Scenedesmus smicroalgae and the co-culture
were used as the polishing step, TN, NH4+, NO;™, TP,
PO,~3, and SO,~? photobioreactor effluent concentra-
tions were 13.67 +1.53, 11 +2.65; 7.67+1.53, 2+ 1;
8+2,6.67+1.53;10.67+4.16, 6.67+2.52; 6.33+3.21,
3.33+1.53, and 9.47 +£6.51, 10.09 +4.74 mg/L, respec-
tively (Table 1). Removal efficiency of 64.11, -13.01,
27.59, -20.97, 59.51, and -16.09% for TN, NH,*, NO;~,
TP, PO4_3, and SO4_2, respectively, were attained in the
two-phase AD system. Likewise, at the polishing phase by
microalgae photobioreactor, a higher removal efficiency
between 98.86-99.10, 97.73-99.41%, 98.24-98.53%,
89.84-94.60%, and 97.20-97.69% were obtained for TN,
NH4+, TP, PO4_3, and SO4_2, respectively (Fig. 2). The
concentrations of TN, NH4+, NO;~, TP, PO4_3, and SO4_2
decreased as we moved from the two-phase AD to micro-
algae’s photobioreactor (Fig. 4). As denoted in Fig. 4, TN,
NO;™, TP, and SO4_2 removal efficiencies were low in the
two-phase AD, and most of the TN, NO;~, TP, and SO4_2
were removed at the polishing step by the microalgae pho-
tobioreactor. In the contrary, negative removal efficiencies
of NH,*-N and PO, were observed in the two-phase AD
system. The variations of TN, NH,*, NO,~, TP, PO, 7,
and SO, % removal efficiency in a two-phase AD system
and a microalgae photobioreactor in which Chlorella sp.,
Scenedesmus sp., and co-culture cultivated were signifi-
cant (p £0.05). Furthermore, as low reductions of TN,
NO;~, TP, PO, 7%, and SO,? are usually expected in AD
systems, but higher reductions in TN, NH4+, NO;~, TP,
PO4_3, and SO4_2 were attained in the polishing (micro-
algae photobioreactor) step (Fig. 4). A little or no reduc-
tion of nitrate and sulfate was observed in a two-phase
AD system, which can be attributed to a sulfate reduction
and ammonification of the anaerobic microbial process
in an oxygen-free environment. The decrease in the TN
concentration in the effluent of the two-phase system is
attributed to the conversion of nitrogen-containing com-
pounds in the wastewater to NH,*-N in the AD system by
the consortium of microorganisms in the system, and a
decrease in concentration and subsequent increase in the
TP concentration were attributed to conversion to PO4_3 ,
which is consistent with the conclusion made by scholars
[53, 54]. But the integration of microalgae’s photobioreac-
tor into the two-phase AD system removed the higher TN,
NH,*, NO;~, TP, PO, 3, and SO, levels in AD to the
level acceptable by the EPA of the country (Ethiopia) for
slaughterhouse industry effluent before releasing it to the
environment Table 1, Fig. 5, [55].
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Fig.4 Comparisons of two-
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3.4 Bioenergy from the Integrated Biological
System

The biogas and methane production rates were 189.5 and
128.4 mL/day, respectively. The methane and carbon diox-
ide contents of the biogas were 67.69% and 29.9%, respec-
tively. The study findings revealed that biogas production
was positively and highly correlated (R?=0.98) with total
VS removed, implying that the process gained not only
biogas production but also organic pollutant removal. The
overall biogas produced versus mg of COD and VS reduced
was 0.96 and 1.37 mL, respectively. The biodiesel pro-
duced from the crude microalgae lipid of Chlorella species,

Scenedesmus species, and their co-culture was between
72-79%, 67-78%, and 71-81%, respectively. In general,
from the lipid composition analysis of microalgae biomass
in this study, all three (Chlorella sp., Scenedesmus sp., and
co-culture) strains cultivated in two-phase AD effluent can
be noted as suitable feedstock for biodiesel. Hence, integrat-
ing biological treatment systems add value to the waste and
used as a raw material that can be improved for bioproducts
that can contribute to the CE (value-added product and re-
use), contribute to the clean water scarcity for the coming
generation, and reduce various environmental impacts [46,
56]. The bioenergy from the integrated system is an indica-
tor of circular bioeconomy strategy.
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«Fig.5 Comparisons of two-phase AD and photobioreactors nutrient
effluent concentration (a) Chlorella, (b) Scenedesmus and (¢) co-cul-
ture

In general, the integrated wastewater treatment sys-
tem combines the production of renewable energy with
the treatment of wastewater, which can simultaneously
improve sanitation and renewable energy availability. The
biogas energy from an anaerobic digester promotes meth-
ane production, traps it, and then transforms it into heat and
electricity energy, as well as fertilizer both in digestate and
sludge form. Notably, biogas energy is taken into account
in the circular carbon economy system diagram, which is
characterized as a system that encompasses both the eco-
nomic and environmental cycles. A circular bioeconomy
is promoted by microalgae based bio-refineries, which not
only benefit from efficient resource usage but also help to
reduce waste and GHG emissions. This innovative strategy
has a lot of potential for solving environmental problems
and building a sustainable future. Additionally, it advances
SDGs six (Clean Water and Sanitation) and seven (Afford-
able and Clean Energy). It can be concluded that the study
results showed that the integrated wastewater consisting of
phased AD system coupled with microalgae photobioreac-
tor has dual importance: resource recovery and wastewater
treatment.

4 Conclusions

The transformation from agricultural to agro-industrial
development needs considerable attention from an environ-
mental and sustainable development point of view in manag-
ing the byproducts from the sector. The result of the study
showed that the AD system, integrated with microalgae-
based treatment, achieved the highest removal efficiencies
(ranging between 90 and 99.31%) for organic matter and
nutrients. Specifically, the final BOD, SCOD, and TCOD
TN, NH,*-N, NO;~, TP, PO, ™%, and SO, effluent concen-
trations of the integrated system were below the country’s
slaughterhouse or meat processing effluent discharge limit.
Substantial bioenergy in-terms of biogas (189.5 mL/day)
with a methane content of (67.69%) and 67-81% biodiesel
from the crude lipid microalgae biomass from the integrated
system were obtained as a value-added product. Therefore,
the established integrated biological treatment system com-
posed of AD-microalgae photobioreactor showed promising
result in converting effluent from the slaughterhouse indus-
try into value-added products, such as biogas, biodiesel, and
clean water, for use by the industries and nearby communi-
ties at least for domestic purposes, such as greenery, floor-
washing, machine cleaning, irrigation, and re-using in the
slaughtering process.
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