EAgri

Engenharia Agricola

Engenharia Agricola

/bea

ISSN: 1809-4430 (on-line)

www.engenhariaagricola.org.br

Special Issue: Energy in Agriculture

Scientific Paper

Doi: http://dx.doi.org/10.1590/1809-4430-Eng.Agric.v43nepe20220124/2023

ANAEROBIC CO-DIGESTION OF SWINE AND LAYING HEN WASTE FOR BIOGAS

GENERATION AND DIGESTATE QUALITY

Flavia E. de A. Pereira!, André P. Rosa**, Eduardo S. M. Borges', Marcelo H. Otenio?,
Leticia D. de Souza!, Juliana E. L. do Nascimento!, Alisson C. Borges?

Z*Corresponding author. Universidade Federal de Vigosa/Vigosa - MG, Brasil.
E-mail: andrerosa@ufv.br | ORCID ID: https://orcid.org/0000-0001-5490-5698

KEYWORDS

anaerobic digestion,
resource recovery,
mesophilic,
psychrophilic.

INTRODUCTION

ABSTRACT

Anaerobic digestion (AD) stands out as a degradation pathway for the treatment of agro-
industrial waste. This study aimed to evaluate the biogas production (Py) from the co-
digestion of swine (SW) and laying hen waste (LHW) under different temperature
conditions (psychrophilic x mesophilic). The studies were carried out on a laboratory
scale in anaerobic reactors (1.25 L) in a batch system for 60 days. Three mixtures in
volumetric proportions (%) of 25/75 (P1), 50/50 (P2), and 75/25 (P3) (SW/LHW) were
studied. The mixtures were characterized before and after AD in terms of TS, VS, and
COD under temperatures of 18 and 36 °C, with P, measured daily. P, was higher at 36 °C
for all mixtures compared to the psychrophilic condition (18 °C). Among the mixtures,
the highest P, value was observed for P3, reaching 0.34 and 0.60 m® biogas kg
CODxemoved for 18 and 36 °C, respectively. The digestate showed an increase in the
contents of micro-and macronutrients for P1, P2, and P3 after AD, which indicates its use
for agricultural purposes. The co-digestion of swine and laying hen waste is a promising
proposal in terms of management and energy recovery of biogas, especially for
mesophilic conditions in mixtures with a predominance of laying hen waste.

carbon dioxide (CO;), ammonia (NH4), nitrous oxide

BY

Poultry meat and eggs stand out among the most
consumed foods of animal origin in the world (Martinelli et
al., 2020). Laying hen waste is considered a source of active
pollution due to emissions of hydrogen sulfide, methane,
ammonia, and ammonium hydroxide (Han et al., 2018). In
this scenario, the confinement of these animals in large
poultry farms leads to the accumulation of feces, urine, and
leftover feed, which may be a problem due to their high
polluting potential when released without treatment into the
environment (Mahmud et al., 2021; Mcauliffe et al., 2017).

According to the portal Embrapa Suinos e Aves
(2022), Brazil is the world’s fourth-largest producer and
exporter of pork, with 4,325 million tons produced and
1,322 thousand tons exported in 2021. Methane (CH,),
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(N20), and hydrogen sulfide (H>S) stand out among gaseous
compounds emitted under natural conditions by the disposal
of swine waste in the environment without treatment
(Cardoso et al., 2015). However, poor management of
manure from animals raised in confinement causes
numerous environmental problems, as they are most often
disposed of in water courses or even in the soil, promoting
contamination via fecal coliforms and water eutrophication
(Lopes-Pacheco et al., 2021).

Many alternatives for treating agricultural waste
have been addressed by several authors (Cruz et al., 2019;
Mendonga et al., 2017; Mendonga et al., 2018; Pecchi &
Baratieri, 2019; Santos, 2017; Scarlat et al., 2018) to take
advantage of the fertilizer and energy generation potential
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of these residues. Studies have indicated that anaerobic
digestion is an efficient alternative that combines biofuel
production with sustainable waste management (Cardoso et
al., 2020; Neshat et al., 2017; Tambone et al., 2019; Verdi
et al., 2019), being used and recommended even in regions
with low temperatures (Castro et al., 2017; Marti-Herrero et
al., 2014; Telles, 2019).

The optimization of biogas production in anaerobic
digestion, as well as higher efficiency in the degradation
process, can occur by controlling some factors involved in
the process, especially temperature (Cao et al., 2019;
Jaimes-Estévez et al., 2021; Lian et al., 2020). Waste
treatment via anaerobic digestion is a viable alternative in
places where the mean annual temperature is below 20 °C
(Rusin et al., 2021, Tiwarl et al., 2021). In this case, biogas
production can be equated to degradation in the mesophilic
range, as observed by Jaimes-Estévez et al. (2021), who
reported a biogas production (0.60 Nm? biogas kg™ VS)
higher than expected at the psychrophilic temperature
(18 °C), which can be explained by the activity of the
consortium of anaerobic microorganisms. Wei & Guo
(2018) studied the co-digestion of swine waste, barley
straw, and bovine manure at temperatures of 15 and 35 °C
and obtained a production of 0.225 and 0.246 m* biogas kg !
VS, indicating a similar biogas production for the two
temperatures under study. Lendormi et al. (2022) observed
that the biogas production after acclimatization of swine
manure in a reactor operated at 13 °C was 0.222 m? biogas
kg™! applied COD, which corresponded to 68% of the
biogas production for the temperature of 37 °C.

Furthermore, the use of anaerobic co-digestion has
been reported as a strategy to increase biogas production
and waste management, proving to be advantageous
compared to mono-digestion (Ma et al., 2020), which could
be identified in studies with mesophilic (Li et al., 2020;
Magbanua et al., 2001) and psychrophilic (Telles, 2019)
degradation conditions. Regarding the studies that carry out
the co-digestion of swine and laying hen waste with other
substrates, Li et al. (2018) evaluated the co-digestion of corn
straw and tomato pulp with swine and laying hen waste
separately in different proportions and found that the 4:1
ratio of tomato pulp residue with swine and laying hen
waste produced 0.365 L g ! applied VS and 0.322 L g!

applied VS of methane, respectively. Shen et al. (2019)
pointed out that anaerobic co-digestion of durian with
laying hen waste produced higher values of biogas
compared to the mono-digestion of durian.

In this context, there are still few studies on the co-
digestion of swine and laying hen waste and the comparison
of the influence of psychrophilic and mesophilic
temperatures on the degradation process of these substrates.
Magbanua et al. (2001) promoted the co-digestion of these
residues under mesophilic conditions (35 °C) and observed
the potentiation of biogas production from co-digestion but
the final quality of digestates and other temperature ranges
were not evaluated. The present research aimed to evaluate
the co-digestion of swine and laying hen waste in terms of
biogas production and digestate quality for temperatures of
18 and 36 °C and study the impact of the progressive
addition of laying hen waste to swine waste (mono-
digestion condition).

MATERIAL AND METHODS

Anaerobic degradation studies were carried out
using the substrates swine waste (SW) and laying hen waste
(LHW). The waste used in the experiment came from
Lohmann Brown laying hens, collected after one day of
accumulation. The swine waste (Naima lineage) was
collected after 3 days of storage in an equalization tank and
the inoculum was collected inside the digester in a farm
located in the municipality of Lagoa Dourada (MG).
Animal production followed the complete cycle, with
waste treatment carried out in a covered lagoon digester
with a capacity of 1350 m® operated at ambient
temperature (£22 °C) (INMET, 2019).

The study of swine waste degradation on the co-
digestion strategy with laying hen waste was conducted
based on the following methodological steps: (i) collection
and characterization of SW and LHW substrates; (ii)
preparation of the different studied proportions between
substrates; (iii) feeding of reactors under different operating
conditions for temperature (psychrophilic and mesophilic);
and (iv) degradation test and final characterization of
digestates after the end of the study. Figure 1 shows more
details of the methodological stages of the experiment.
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FIGURE 1. Flowchart with the experimental steps.

The co-digestion of the substrates swine (SW) and
laying hen waste (LHW) was evaluated from three
proportions, namely: P1 (25% LHW / 75% SW), P2 (50%
LHW /50% SW), and P3 (75% LHW /25% SW). Also, the
treatments were analyzed in terms of the influence of
different temperature conditions on the degradation process
(1840.5 and 36+0.5 °C). The volumetric capacity of the
digesters used in the study was 2 L. The produced biogas
was collected and directed through transparent crystal hoses
(%2 x 2 mm thick) to a bulkhead with gasometers made with
100 mm pipes 700 mm in height and one of the openings
sealed with 100 mm caps. The base of the gasometers was
made with 200 mm pipes 20 cm in height and one of its ends
sealed with 200 mm caps. The tubular reactors were
installed inside two chambers with temperature control,
aiming to evaluate the efficiency of biogas production in
anaerobic benchtop reactors. For this purpose, the
treatments with four replications + one control were
evaluated, resulting in 15 reactors for each of the evaluated
temperatures, mesophilic (36 °C) and psychrophilic (18 °C)
conditions. Chamber temperatures were controlled by
Digital Stc-1000 thermostats (Electrofrio, Brazil). For the
mesophilic condition chamber, two tubular armored
resistors for 110-volt incubators were installed, which were
activated via a thermostat to maintain a temperature of 36 +
0.5 °C inside the chamber. The chamber of the
psychrophilic condition was connected to the thermostat
that activated the cooling of the freezer, keeping it at a
temperature of 18+0.5 °C.

Initially, the inoculation of reactors in the three
proportions was performed by mixing 675 mL SW with 675

mL of inoculum (pH=7.95; IA:PA=0.15; 0.30 VS%). The
co-digestion proportions (P1, P2, and P3) were conditioned
from sequential feedings of the reactors, in which 50% of
the useful volume was discarded, followed by the
replacement of the volume taken by additional mixtures
(laying hen waste and swine waste) until the desired
concentration was reached. Two, three, and four
replenishments were performed for the proportions P1, P2,
and P3, respectively. In all conditions, the reactors were
filled with about 2/3 of their total capacity (1,350 mL), with
a headspace of 1/3 of the total volume. After establishing
the proportions P1, P2, and P3, the experiment began
(operating day 0) in a batch, with biogas production being
evaluated for 60 days.

Characterization of substrates and biogas production

The physicochemical characterization of in natura
substrates (SW and LHW) was carried out in terms of pH,
alkalinity, conductivity, COD, TS, VS, P, K, Na, Ca, Mg,
Fe, Zn, Cu, Mn, TKN, and Nnp3. In addition, the contents
of reactors on operational days 0 and 60 (digestate) were
characterized in the co-digestion process. Initially, 100 mL
aliquots of each replication of the proportions were
collected for characterization. The same physicochemical
parameters analyzed in the in natura substrates were
determined in the co-digestion studies, adding the
microbiological analysis (total coliforms E. Coli). Table 1
shows the methods used to characterize the evaluated
parameters, as shown in the Standard Methods (APHA et
al., 2017).
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TABLE 1. Parameters characterized in the different evaluated mixtures.

Parameter Reference Analysis method Unit
pH 4500-H'B Potentiometry --
Conductivity 2510 A Conductimetry uS cm™!
alkalinity 2320 B Titrimetry mg L™ CaCOs
COD 5220D Colorimetry mg L™!
TS 2540-B Gravimetry %
VS 2540-B Gravimetry %
P total 4500-P F Colorimetry gkg!
K 3500-K B Flame photometry gkg!
Na 3500- Na B Flame photometry gkg!
Ca, Mg, Fe, Zn, Cu, Mn 3500 — parameter (A) Atomic absorption gkg!
TKN 4500-Norg B Titrimetry mg L™!
N3 4500-NH; C Titrimetry mg L'
The volumetric biogas production in each of the V, is the corrected biogas volume (Nm?);

reactors was measured in a gasometer composed of two
concentric PVC tube cylinders, where its displacement was
measured daily using a graduated ruler (Figure 2). The
biogas volume produced under normalized conditions Ty is the corrected biogas temperature (293.15 K);
(Nm®) was determined according to [eq. (1)], resulting from
the combination of Boyle’s and Gay-Lussac’s laws. After
reading the displacement, the biogas was burned in a
Bunsen burner attached to the gas valve. The biogas yield P is the biogas pressure at reading (mm H>O), and
was calculated using daily biogas production data
and expressed in mL of biogas per g of removed and
applied COD.

Py is the corrected biogas pressure (10332.2745 mm
HzO);

V. is the biogas volume in the gasometer (product
between the displacement and its cross-section) (m?);

T: is the biogas temperature at reading (ambient
temperature) (°C).

The indication of the best proportion for co-digestion
e was carried out from the observation of the condition
associated with the biogas production at the two studied
temperatures. A completely randomized design was
- GASCHETER adopted, consisting of three treatments and four replications
in each temperature condition. The data were analyzed by
1 ANOVA using the software SAEG 9.1 (Anon, 2007). The
mean values of production and biogas generated in the
treatments were statistically compared by Tukey’s test with
a 5% significance level. The biogas produced by each
experimental unit was measured through the vertical
displacement of the gasometer, as shown in Figure 2.

i LSED DR

RESULTS AND DISCUSSION

Characterization of substrates

Table 2 shows the physicochemical characterization
of the substrates (swine and laying hen waste). The pH of
the substrates was within the range understood as ideal for
the anaerobic digestion process (6.0-8.0) (Chernicharo,
2019). In addition, the values of ammoniacal nitrogen for
the manure were below the value of 3 g L™! pointed out by
Chernicharo (2019) as toxic to microorganisms in the

FIGURE 2. Representation of the anaerobic reactor and
gasometer used to measure the volumetric biogas production.

VixP T, development of the anaerobic digestion process. Higher TS
0= T, P, M and COD values were also observed in the laying hen waste,
Where: while the swine waste showed a higher presence of

biodegradable organic matter (VS/TS), as also reported by
Butkowska et al. (2015) and Provenzano et al. (2014).
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TABLE 2. Characterization of swine waste (SW) and laying hen waste (LHW).

Variable Unit SW LHW
pH -- 7.00 (0.06) a 6.82 (0.02)
Conductivity uS cm™! 5.98 (0.06) 11.37 (0.36)
COD g L! 28.51 (1.10) 64.57 (1.34)
TS % 2.57 008 ? 27.00 (0.53)
VS/TS % 83.86 (0.19) 58.39 (0.70)
P total g kg7l 27.11 (1.06) 23.00 (0.76)
K g kg7l 65.25 (0.07) 10.38 (0.34)
Na g kg7l 22.45 (0.02) 3.15 (0.04)
Ca gkg! 44.30 2.0 148.31 (.92
Mg g kg_l 26.80 (0.81) 5.24 0.07)
Fe g kg_l 187.13 (1.75) 48.07 (0.58)
Zn g kg7l 772.39 (0.01 21.72 (0.42
Cu g kg7l 142.54 (0.43) 16.17 (.53
Mn gkg! 40.11 (0.40 16.65 (032
TKN g L! 23.32 0.07) 32.93 (0.04)
NnH3 gLt 2.02 (.03 1.51 .02

COD = chemical oxygen demand; TS = total solids; VS = volatile solids; TKN= total Kjeldahl nitrogen; Nnu3 = total ammoniacal nitrogen.

2 sample number n=5, and the others represent the sample number n=3.

Swine waste showed higher contents of heavy metals
(Zn and Cu). According to Barros et al. (2019) and Yan et
al. (2022), the purpose of inserting these elements in the
feed is to prevent diseases (diarrhea) and stimulate animal
growth. The anaerobic digestion process can be impaired
due to the high mobility and low biodegradability of heavy
metals in the waste, and the content of these metals in the
digestate can be high (EIl Rasafi et al., 2021).

Influence of co-digestion and temperature on the
degradation of swine and laying hen substrates

The co-digestion study was carried out from the
biogas production considering a mono-digestion scenario
related to the anaerobic degradation of swine waste and the
use of the strategy of periodic addition of laying hen waste
to prepare different co-digestion mixtures (P1, P2, and P3).

In preliminary analyses, the methane content in the
biogas was evaluated using the kit developed by Embrapa
Swine & Poultry in partnership with the company Alfakit,
following the analytical methodology recommended by the

Psychrophilic

005

004 1 —m— coP2

0,02 4

0,01 4

Accumulated biogas production (m®)

Days of incubation

product developers (Kunz et al., 2007). The preliminary
characterization showed a mean value of 55% CHyj in the
biogas although it was not the focus of the study.
Regarding the accuracy of results, Oliveira et al. (2021)
reported no statistical difference (5% significance)
between the levels of CH4 measured in the portable gas
analyzer (Alfakit) and the gas chromatography when
analyzing the biogas produced in a covered lagoon
digester to treat swine effluents.

Figure 3 shows the accumulated biogas production
under conditions of mono-and co-digestion of substrates
(SW and LHW) over the degradation period under
mesophilic and psychrophilic conditions. Biogas production
in the co-digestion was superior to the production in the
mono-digestion in all conditions, which suggests that the
substrate mixture of laying hens presented a positive
synergistic effect in the degradation process. Thus, the
simultaneous processing of two or more substrates through
anaerobic digestion is a promising strategy for biogas
production (Awosusi et al., 2021; Magbanua et al., 2001).

Mesophilic

0.05
—&— Mona P1
—— CoP1

o == Mono P2  rpE e
004 4 —m— CoP2 e
—@— Mono P3
—— CoP3

0,03 -

0,02

0,01 -

Accumulated biogas production (m?)
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FIGURE 3. Accumulated biogas production in mono-and co-digestion of swine (SW) and laying hen waste (LHW).
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The evaluation of the influence of temperature for
the same proportion showed an increase in production, as
also reported by Telles (2019), who mixed SW and LHW
compared to SW alone. In addition, Deng et al. (2016) and
Fleck et al. (2017) suggested that the degradation rate is
favored at temperatures equal to or higher than 30 °C.

TABLE 3. Accumulated biogas volume produced in the
co-digestion.

Biogas production (L)
Treatment 18 °C 36°C
P1 21.1 Ab 28.3 Ba
P2 20.9 Ab 29.1 Ba
P3 24.4 Ab 429 Aa

P1: 25% LHW + 75% SW; P2: 50% SW +50% LHW; P3: 75%
LHW + 25% SW. Means followed by at least one uppercase letter
in the column and the same lowercase letter in the row for each
variable do not differ from each other by Tukey’s test at the 5%
probability level.

Table 3 shows the statistical study that compares the
total biogas production between the treatments for co-
digestion and the influence of temperature on the
degradation process. All treatments showed that biogas
production in the mesophilic condition was statistically
higher than that produced in the psychrophilic condition.
Zhang et al. (2014) evaluated the effect of adding sewage
sludge to swine waste in the co-digestion process and
observed similar results. In addition, other studies have also
reported that temperatures above 30 °C favored the
performance of anaerobic digestion (Deng et al., 2016;
Fleck et al., 2017; Magbanua et al., 2001). P3 (75% LHW /
25% SW) at the temperature of 36 °C showed a higher
production with statistical significance when evaluating the
influence of the contribution of the laying hen waste on co-

digestion. Magbanua et al. (2001) also evaluated a higher
biogas production in treatments with high levels of LHW
relative to SW, although this trend was observed up to 40
days of degradation. Moreover, Arias et al. (2021) evaluated
the degradation of swine waste and corn straw at a
temperature of 35 °C and obtained a biogas yield close to
that found in this study for the best reactor supply condition,
with 674 L kg ! applied VS. Table 4 shows some unit
relationships related to the P3 treatment. Contrary to what
has been reported by Wei & Guo (2018) and Lendormi et
al. (2022), the biogas production for this study in the
mesophilic range was considered superior to the
psychrophilic range. However, the high production of
biogas at the temperature of 18 °C stands out; in practical
terms, the recovery of biogas as an energy source is already
advantageous. Further studies should consider an energy
balance to evaluate possible advantages associated
with heating the effluent (mesophilic phase) to enhance
biogas production.

TABLE 4. Biogas unit relationships in P3 (75% LHW/25%
SW) under the co-digestion condition.

Unit 18 °C 36 °C
L kg7l CODgpplica 490 (25 860 (72
BiOgaS L kgil CODapplied 340 (12) 600 (32)

productionrate L kg ' VSypiiea 450 16) 790 (s0)
L kg_l VSapplied 290 (12) 520 (48)

Sample number (n=4).

Effect of incorporating laying hen waste to swine waste
and digestate quality

Table 5 shows the characterization of the mixtures
prepared to supply the anaerobic reactors.

TABLE 5. Physicochemical characterization of the mixtures before the digestion process under the influence of the temperatures

evaluated in P1, P2, and P3.

Variable Unit P1 P2 P3
pH - 8.02 (.01 7.68 (0.03) 7.67 (0.19)
COD g L! 47.57 (249 72.37 @4.14) 86.02 (9.29
TS % 4.33 (0.11 4.92 .13 6.65 (0.11)
VS % 2.71 (0.15) 3.13 0.12) 4.35 (0.12)
Protal gkg! 20.62 (0.94) 21.63 (.35 22.04 (0.64)
K g kg_1 37.41 (5.03) 60.50 (1.31) 47.32 (0.20)
Na g kg_1 11.31 (0.60) 11.28 0.37) 8.55 0.17)
Ca g kg_1 72.85 (3.36) 80.20 4.01) 65.45 (3.13)
Mg g kg71 18.53 (1.01) 18.28 (0.36) 16.92 (0.18)
Fe g kf{1 186.25 (5.14) 216.37(279) 210.55 (5.67)
Zn g kg’l 365.30 (6.51) 277.47 (4.26) 234.50 (1.08)
Cu g kg_l 63.57 (1.52) 42.16 (1.00) 34.34 0.81)
Mn g kg_1 53.73 (1.06) 54.41 (1.96) 56.43 (2.41)
TKN g L! 25.73 (0.46) 33.27 (0.05) 41.84 (0.40)
N3 gL 2.60 (0.03) 3.47 (0.04) 3.87 (0.04)

COD = chemical oxygen demand. TKN = total Kjeldahl nitrogen; Nnu3 = ammoniacal nitrogen. Sample number (n=4). MPN = most probable
number. P1 (25% LHW and 75% SW), P2 (50% LHW and 50% SW), and P3 (75% LHW and 25% SW).
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A small increase in pH values was observed in all
proportions after the anaerobic digestion process, and the
digestates had pH values slightly above the range
understood as ideal for the anaerobic digestion process
(6.0-8.0) (Chernicharo, 2019). Table 6 shows the
physicochemical characterization of P1, P2 and P3 after
anaerobic digestion. The increase in pH at the end of
anaerobic digestion can be attributed to an increase in
ammoniacal nitrogen in the digestate, a fact also observed
by Li et al. (2018) in a study of co-digestion of dairy cattle
waste and corn straw. In addition, the high buffering
capacity of swine waste stands out, as reported by Wang et
al. (2020), which probably favored the growth of
microorganisms. The IA:PA ratio for the digestates under
the temperature condition of 36 °C was closer to the ideal,
demonstrating higher stability in mesophilic temperatures.
According to Ripley et al. (1986), the ratio of intermediate
alkalinity and partial alkalinity above 0.3 in an anaerobic
process indicates some alteration in the system balance.

There was consumption of P during the anaerobic
digestion in the mixtures P1 and P2 under both temperature
conditions. P3 showed availability of P after the degradation
process, with values higher than those found in digestates
studied by Dinnebier et al. (2021) and Monlau et al. (2016),
probably due to the chemical precipitation of the inorganic
fraction with some metallic cations such as Ca*", Mg?*, and
Fe*" inside the reactor or even the use of P by
microorganisms to form microbial cells and organic
compounds (nucleic acid and humic acid) (Li et al., 2019).

All evaluated conditions showed Zn and Cu
availability in the anaerobic digestion process. The
availability of metals for the same mixture of substrates
(SW/LHW) was more evident under the mesophilic
condition, following a trend of reduced availability of these
metals at the temperature of 18 °C as there was a higher

contribution of laying hen waste (LHW) in the mixtures.
The highest availability rates of metals Zn (73.9%) and Cu
(71.4%) were identified in P3 (T= 36 °C). Jin & Chang
(2011) also reported an increase in Zn (62.0%) and Cu
(116%) concentrations under degradation at ambient
temperature. The increased concentrations of these metals
may be related to the animal diet (Yan et al., 2022) and the
storage conditions of the waste before anaerobic digestion
(Gopalan et al., 2012). In general, all mixtures for the co-
digestion of substrates under the psychrophilic and
mesophilic conditions showed an increase in the
concentration of nutrients in the digestate, possibly due to
the organic matter decomposition, in which the mineralized
nutrients became available in the solution, except for TKN
and P in P1 and P2. The temperature of 36 °C promoted
higher availability of K, Na, Zn, and Cu, whereas the higher
availability of Mn and Ca was observed at the temperature
of 18 °C.

In general, all studied proportions had an increase in
the concentration of ammoniacal nitrogen in the digestate,
with no evidence that the degradation temperature had a
significant influence on the conversion process of organic
nitrogen to ammonia despite high Nnu3 concentrations
being a common feature in laying hen waste (Alba Reyes et
al., 2021).

The best results of the efficiency of TS, VS, and
COD removal were associated with the P3 treatment (75%
LHW + 25% SW), which can be related to the higher biogas
production, as shown in Table 7, resulting from the
conversion pathway of organic matter in the original
substrates of biogas reactors. In general terms, the solids
removal efficiencies (TS and VS) under the mesophilic
condition were higher than that found under the
psychrophilic condition.

TABLE 6. Physicochemical characterization of the mixtures after the digestion process under the influence of different

temperatures for P1, P2, and P3.

. . P1 P2 P3
Variable  Unit
(18 °C) (36 °C) (18 °C) (36 °C) (18 °C) (36 °C)
pH - 8.09 (0.03) 8.11 (0.04) 8.08 (0.05) 8.18 (0.03) 8.18 (0.02) 7.91 (0.03)
IA:PA - 0.17 (0.05) 0.15¢0.01 0.38 (0.04) 0.26 (0.02) 0.27 (0.02) 0.22 (0.02)
COD g L! 32.88 4.00) 24.09 (4.70) 29.39 (1.12 25.80 (0.72) 20.97 (.12 28.82 (0.82)
TS % 3.25 (020 2.9 (0.05) 3.75 ©.07) 3.90 (.13 4.40 (.03 4.06 (.18
VS % 1.60 (0.09 1.26 (.02 1.86 (0.06) 1.61 (.06 2.28 (0.04) 1.93 (.08
Piotal g kg71 13.90 (0.77) 14.19 (0236) 13.61 (0.50) 14.18 (0.75) 36.49 (.35 33.06 (0.66)
K g kf{1 63.10 337 74.11 (2.16) 73.83 (1.77) 80.79 (2.26) 34.16 .11y 66.46 (.10)
Na g kg71 15.30 (0.58) 17.13 (0.33) 14.93 (0.60) 16.03 (0.81) 12.75 (1.20) 14.76 (0.19)
Ca g kg_1 168.6 (20.05) 149.37 (8.91) 197.50 (14.03) 168.40 (14.54) 110.62 (3.90) 98.92 (8.64)
Mg g kg_1 30.05 (1.36) 30.90 (1.02) 26.4 (1.16) 27.28 0.51) 28.4 (0.68) 23.68 (1.16)
Fe g kg_1 266.87 (18.77) 264.49 (1.65) 288.18 (10.31) 250.26 (25.42) 302.37 (4.73) 269.10 (4.50)
Zn g kg71 550.20 (7.75) 592.36 (20.7) 401.14 (14.89) 422.22 (24.84) 315.59 (13.77) 407.78 (9.90)
Cu g kg’l 98.60 (1.59) 94.04 (4.89) 58.67 (1.28) 67.60 (3.85) 45.84 (1.74) 58.75 (1.63)
Mn g k{{1 76.15 (530 69.17 2.17) 74.74 (3.29) 73.11 737 90.01 (.81) 74.67 .11y
TKN g L! 4.57 (0.05) 4.55 ©.12) 5.95 (0.09) 5.98 (0.05) 6.64 (0.20) 6.71 (.05
NnH3 gL 3.59 .04 3.75 .06 4.54 ©.o1 4.43 (0.05) 4.87 .02 5.17 o1

IA:PA = intermediate-to-partial alkalinity ratio; COD = chemical oxygen demand; TKN = total Kjeldahl nitrogen; Nxu3 = ammoniacal nitrogen.
P1: 25% LHW + 75% SW; P2: 50% SW + 50% LHW; P3: 75% LHW + 25% SD. Sample number (n= 4). MPN = most probable number;

NQ = not quantified.
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TABLE 7. Removal efficiency (%) of TS, VS, and COD for SW and LHW co-digestion.

Removal efficiency (%)

Total solids

Temperature P1 P2 P3
18 OC 2488 (4.07) 2056 (0.53) 3372 (1.62)
36 °C 32.89 3.26) 23.46 (1.83) 38.80 2.57)

Volatile solids

Temperature P1 P2 P3
18 OC 3973 (6.20) 4046 (1.12) 4741 (0.88)
36 °C 52.78 (2.18) 48.39 (2.08) 55.37 (2.19)

COD

Temperature P1 P2 P3
18 OC 3156 (5.91) 5907 (3.11) 6640 (0.01)
36 °C 49.84 (8.43) 64.16 (2.08) 66.50 (0.03)

Sample number (n=4). P1: 25% LHW + 75% SW; P2: 50% SW + 50% LHW; P3: 75% LHW + 25% SW.

CONCLUSIONS

The best results in terms of volumetric biogas
production were observed in the co-digestion condition
when comparing the mono-digestion (swine waste),
regardless of the evaluated temperature. A positive
synergistic effect was evaluated from the addition of laying
hen waste to swine waste.

The mesophilic temperature showed more favorable
results in terms of volumetric biogas production compared
to the psychrophilic temperature condition.

The increased addition of laying hen waste for the
evaluated treatments suggests more favorable pathways for
the conversion of organic matter to biogas, especially for the
mesophilic condition.

In short, the co-digestion of swine and laying hen
waste is an interesting strategy in terms of waste
management and biogas energy recovery, especially for
mesophilic conditions in mixtures with a predominance of
laying hen waste.

The digestate produced in the mixtures with co-
digestion under the psychrophilic and mesophilic conditions
showed an increase in the concentration of nutrients, which
favors the use of the digestate for agricultural purposes.

ACKNOWLEDGMENTS

The authors thank the Federal University of Vigosa
and the Federal Institute of Education, Science and
Technology of Southeast Minas Gerais for their support.
This study was carried out with the support of the
Coordination for the Improvement of Higher Education
Personnel — Brazil (CAPES) — Financing Code 001 and the
Foundation for Research Support of the State of Minas
Gerais (APQ-01576-22).

REFERENCES

Alba Reyes Y, Barrera LB, Cheng K (2021) A review on
the prospective use of chicken manure leachate in high-
rate anaerobic reactors. Journal of Environmental
Chemical Engineering 9(1):104695.
https://doi.org/10.1016/j.jece.2020.104695

ANON (2007) SAEG- Sistema Para Analises Estatisticas.

Arias DE, Veluchamy C, Habash MB, Gilroyed BH (2021)
Biogas production, waste stabilization efficiency, and
hygienization potential of a mesophilic anaerobic plug
flow reactor processing swine manure and corn stover.
Journal of Enviromental Management 84(15): 112027.
https://doi.org/10.1016/j.jenvman.2021.112027

Awosusi A, Sethunya V, Matambo T (2021) Synergistic
effect of anaerobic co-digestion of south african food
waste with cow manure: role of low density-polyethylene
in process modulation. Materials Today: Proceedings
38:793-803. https://doi.org/10.1016/j.matpr.2020.04.584

Barros EC, Nicoloso R, Oliveira PAV, Corréa JC (2019)
Potencial agronomico dos dejetos de suinos. Concordia,
Emrapa Suinos e Aves. 52p.

Butkowska K, Biatobrzewski I,Gusiatin ZM, Klimiuk E,
PokoJ T (2015) ADM1-Based modeling of anaerobic
codigestion of maize silage and cattle manure —
Calibration of Parameters and model verification (Part II).
Archives of Environmental Protection 41(3):20-27.
https://doi.org/10.1515/aep-2015-0027

Cardoso BF, Oyamada GC, Silva CM (2015) Produgao,
tratamento ¢ uso dos dejetos suinos no Brasil.
Desenvolvimento Em Questao 13(32):127.
https://doi.org/10.21527/2237-6453.2015.32.127-145

Chernicharo CAL (2019) Reatores Anaerobios. Belo
Horizonte, UFMG.380p.

Cruz HM da, Barros RM, Santos IFS dos, Tiago Filho GL
(2019) Estudo do potencial de gerag@o de energia elétrica a
partir do biogas de digestdo anaerobia de residuos
alimentares. Research, Society and Development 8:
e3785811. https://doi.org/10.33448/rsd-v8i5.811

Deng L, Chen C, Zheng D, Yang D, Liu Y, Chen Z (2016)
Effect of temperature on continuous dry fermentation of
swine manure. Journal of Environmental Management
177:247-52.

https://doi.org/10.1016/j.jenvman.2016.04.029

Engenharia Agricola, Jaboticabal, v.43, special issue, e20220124, 2023



Anaerobic co-digestion of swine and laying hen waste for biogas generation and digestate quality

Dinnebier HCF, Matthiensen A, Michelon W, Tapparo
DC, Fonseca TG, Favretto R, Steinmetz RLR, Treichel H,
Antes FG, Kunz A (2021) Phycoremediation and biomass
production from high strong swine wastewater for biogas
generation improvement: an integrated bioprocess.
Bioresource Technology 332:125111.
https://doi.org/10.1016/j.biortech.2021.125111

Fleck L, Tavares MHF, Eyng E, Andrade MAM de, Frare
LM (2017) Optimization of anaerobic treatment of cassava
processing. Engenharia Agricola 37(3):574-90.
https://doi.org/10.1590/1809-4430-Eng.Agric.v37n3p574-
590/2017

Gopalan P, Jensen PD, Batstone DJ (2012) Anaerobic
digestion of swine effluent : impact of production stages.
Biomass and Bioenergy 48:121-29.
https://doi.org/10.1016/j.biombioe.2012.11.012

Han T, Wang L, Zhang Y, Zhang J, Han D, LV N, Han X,
Zhao G,Wang M (2018) The changes of nutrient composition
of piled laying hen manure and anaerobic fermentation for
recycling as a dietary ingredient for ruminants. Journal of
Environmental Management 206:768-73.

https://doi.org/10.1016/j.jenvman.2017.11.025

Jin H, Chang Z (2011) Distribution of heavy metal
contents and chemical fractions in anaerobically digested
manure slurry. Applied Biochemistry and Biotechnology
164:268-82. https://doi.org/10.1007/s12010-010-9133-7

Kunz A, Sulzbach A, Steinmetz RLR (2007) Kit biogas
portatil. Concordia, EMBRAPA — CNPSA.

INMET- Instituto Nacional de Metereologia- Ministério da
agridultura e agropecudria (2019) Catalogo de estagdes
automaticas. Available:
https://tempo.inmet.gov.br/TabelaEstacoes/AS514.
Accessed Sep 16, 2019.

Lendormi T, Jaziri K, Béline F, Le Roux S, Bureau C,
Midoux C, Barrington S, Dabert P (2022) Methane
production and microbial acclimation of five manure
inocula during psychrophilic anaerobic digestion of swine
manure Journal of Clearner production. 340(15):130772.
DOI: https://doi.org/10.1016/j.jclepro.2022.130772

Li B, Dinkler K, Zhao N, Sobhi M, Merkle W, Liu S, Dong
R, Oechsner H, Guo J (2020) Influence of anaerobic
digestion on the Labile Phosphorus in pig, chicken , and
dairy manure. Science of the Total Environment
737:140234. https://doi.org/10.1016/].scitotenv.2020.140234

LiK, LiuR, Cui S, Yu Q, Ma R (2018) Anaerobic co-
digestion of animal manures with corn stover or apple pulp

for enhanced biogas production.Renewable Energy
118:335—42. https://doi.org/10.1016/j.renene.2017.11.023

Li L, Pang H, He J, Zhang J (2019) Characterization of
phosphorus species distribution in waste activated sludge after
anaerobic digestion and chemical precipitation with Fe 3 +
and Mg 2+. Chemical Engineering Journal 373(May):1279—
85. https://doi.org/10.1016/j.cej.2019.05.146

Lopes-Pacheco 1Y, Silva-Nunez A, Garcia-Perez JS,
Carrillo-Nieves D, Salinas-Salazr C, Castilho-Zacarias C,
Afewerki S, Barceld D, Igbal HNM, Parra-Saldivar R
(2021) Phyco-Remediation of swine wastewater as a
sustainable model based on circular economy. Journal of
Environmental Management 278:111534.

https://doi.org/10.1016/j.jenvman.2020.111534

Magbanua BS, Adams TT, Johnston P (2001) Anaerobic
codigestion of hog and poultry waste. Bioresource
Technology 76(2):165—68. https://doi.org/10.1016/S0960-
8524(00)00087-0

Martinelli G, Vogel E, Decian M, Farinha MJUSF,
Bernardo LVM, Borges JAR, Gimenes RMT, Garcia RG,
Ruviaro CF (2020) Assessing the eco-efficiency of
different poultry production systems: an approach using
life cycle assessment and economic value added.
Sustainable Production and Consumption 24:181-93. DOI:
https://doi.org/10.1016/j.spc.2020.07.007

Mcauliffe GA, Takahashi T, Mogensen L, Hermansen JE,
Sage CL, Chapman DV, Lee MRF (2017) Environmental
trade-offs of pig production systems under varied
operational efficiencies. Journal of Cleaner Production
165:1163-73. https://doi.org/10.1016/j.jclepro.2017.07.191

Mendonga HV de, Ometto JPHB, Otenio MH, Marques
IPR, Reis AJD dos (2018) Microalgae-mediated
bioremediation and valorization of cattle wastewater
previously digested in a hybrid anaerobic reactor using a
photobioreactor: comparison between batch and
continuous operation. Science of The Total Environment
633: 1-11. https://doi.org/10.1016/j.scitotenv.2018.03.157

Mendonga HV de, Ometto JPHB, Otenio MH (2017)
Production of energy and biofertilizer from cattle
wastewater in farms with intensive cattle breeding. Water,
Air, & Soil Pollution 228. https://doi.org/10.1007/s11270-
017-3264-1

Monlau F, Francavilla M, Sambusiti C, Antoniou N, Solhy
A, Libutti A, Zabaniotou A (2016) Toward a Functional
integration of anaerobic digestion and pyrolysis for a
sustainable resource management. Comparison between
solid-digestate and its derived pyrochar as soil amendment.
Applied Energy 169:652—-62.
https://doi.org/10.1016/j.apenergy.2016.02.084

Pecchi M, Baratieri M (2019) Coupling anaerobic
digestion with gasification, pyrolysis or hydrothermal
carbonization: a review. Renewable and Sustainable
Energy Reviews 105: 462—475.
https://doi.org/10.1016/j.rser.2019.02.003

Provenzano MR, Malerba AD, Pezzolla D, Gigliotti G
(2014) Chemical and Spectroscopic characterization of
organic matter during the anaerobic digestion and successive
composting of pig slurry. Waste Management 34(3):653—60.
https://doi.org/10.1016/j.wasman.2013.12.001

Engenharia Agricola, Jaboticabal, v.43, special issue, e20220124, 2023



Flavia E. de A. Pereira, André P. Rosa, Eduardo S. M. Borges, et al.

Oliveira N, Rosa AP, Sousa I de P, Oliveira Lopes J,
Carraro Borges A, Perez R (2021) Can portable analyzers
be reliable for biogas characterization? Engenharia Na
Agricultura 29:36—40.
https://doi.org/10.13083/reveng.v29il. 11575

El Rasafi T, Nouri M, Haddioui A (2021) Metals in mine
wastes: environmental pollution and soil remediation
approaches — a review. Geosystem Engineering 24(3):157—
72. https://doi.org/10.1080/12269328.2017.1400474

Ripley LE, Boyle WC, Converse JC (1986) Improved
Alkalimetric monitoring for anaerobic digestion of high-
strength wastes. Water Pollution Control Federation 58(5):
406-411.

Rusin J, Chamradova K, Basinas P (2021) Two-stage
psychrophilic anaerobic digestion of food waste:
comparison to conventional single-stage mesophilic
process. Waste Management 119:172—82.
https://doi.org/10.1016/j.wasman.2020.09.039

Santos MA, Santos RG de A, Rodriguez AA (2017)
Biotecnologia em casa: obtengao de biogas e
biofertilizante empregando esterco e residuos de
alimentos. Marupiara - Revista Cientifica do Centro de
Estudos Superiores de Parintins 1: 1-10.

Scarlat N, Dallemand J-F, Fahl F (2018) Biogas:
developments and perspectives in Europe. Renewable
Energy 129: 457-472.
https://doi.org/10.1016/j.renene.2018.03.006

Shen J, Zhao C, Liu Y, Zhang R, Liu G, Chen C (2019)
Biogas Production from anaerobic co-digestion of durian
shell with chicken, dairy, and pig manures. Energy
Conversion and Management 198(June):1-10.
https://doi.org/10.1016/j.enconman.2018.06.099

Telles IB (2019) Biodigestao anaerdbica de dejetos de
suinos e aves associados ao uso de inoculantes. Mestrado,
Alfenas Universidade José do Rosario Vellano

Wang Z, Jiang Y, Wang S, Zhang Y, Hu Y, Zhen H, Wu G,
Zhan X (2020) Impact of total solids content on anaerobic co-
digestion of pig manure and food waste: insights into shifting
of the methanogenic pathway. Waste Management 114:96—
106. https://doi.org/10.1016/j.wasman.2020.06.048

Wei S, Guo Y (2018) Comparative study of reactor
performance and microbial community in psychrophilic and
mesophilic biogas digesters under solid state condition,
Journal of Bioscience and Bioengineering 125(5):543-551.
https://doi.org/10.1016/j.jbiosc.2017.12.001

Yan J, Wang M, Zhou J, Fan X, Jia Z, Yang M, Zhao Y,
XiJ, Wang T (2022) New matrix certified reference
materials for the measurement of trace elements in swine
and chicken compound feed. Microchemical Journal
174:107065. https://doi.org/10.1016/j.microc.2021.107065

Zhang W, Wei G, Wu S, Qi D, Li W, Zuo Z, Dong R (2014)
Batch Anaerobic co-digestion of pig manure with dewatered
sewage sludge under mesophilic conditions. Applied Energy
128:175-83. https://doi.org/10.1016/j.apenergy.2014.04.071

Engenharia Agricola, Jaboticabal, v.43, special issue, e20220124, 2023



