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Abstract

Abundant by-products of large swine industries, such as slaughterhouse sludge and carcasses, require adequate treatment
to prevent negative effects of their direct disposal in the open environment. This study is aimed to evaluate the efficiency
of composting using meal from dead pigs through physicochemical analyses and phytotoxic assays. Five treatments were
tested, all including 50% sawdust: T1, with 50% slaughterhouse sludge (control); T2, with 20% slaughterhouse sludge
and 30% meal from dead pigs; T3, with 10% slaughterhouse sludge and 40% meal from dead pigs; T4, with 20% organic
stabilizing compost and 30% meal from dead pigs and T5, with 30% organic stabilizing compost and 20% meal from dead
pigs. The phytotoxicity assays used lettuce, cucumber, celia, soybean, rice and wheat as bioindicators. Inclusion of meal
from dead pigs was related to reduction in pH, C/N ratio, humidity and temperatures inside the pile, although thermophilic
peaks lasted longer than 50 days and the final composts showed high content of nitrogen and phosphorous. The germination
of bioindicators was reduced in all tested treatments, compared to the control. The composts from treatments that included
meal from dead pigs presented acceptable nutrient content, which may indicate their use as organic fertilizers. However,
after 4 months, all bioindicators in contact with such composts presented impaired germination.
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Statement of Novelty

We believe that this article contributes for the concept of
waste recovery technology. Additionally, our study sug-
gests a sustainable alternative to reduce the environmental
impact of the disposal of dead pigs outside slaughterhouses.
Thus, considering parameters of quality and maturation of
the compost, chemical fertilizers may eventually be replaced
through the transformation of agro-industrial residues into
organic fertilizers rich in nutrients, with the objective of
reducing pollution.

Introduction

Brazil is among the world’s leading pork producers, along
with China, USA and the European Union [1]. In all such
markets, as farm inventories are generally large, a great num-
ber of pigs are slaughtered at industrial abattoirs, generating
substantial volumes of effluents and biosolid sludge after
process in treatment systems [2]. At farm level, mortality is
an alarming source of waste of meat production, commonly
occurring in all production stages: 7-10% in gestation and
farrowing; and 5-7% in nursery, growing and finishing [3].
This includes pigs died due to routine health conditions and
accidents and those that were euthanized. However, in case
of widespread disease outbreaks, such as the recent African
Swine Fever epidemic in China [4] and the Covid-19 pan-
demic [5], massive populational euthanasia would generate
an uncommonly large disposal of dead animals.

Pigs that die or are euthanized at farms are ineligible for
slaughter at commercial abattoirs, generating a large vol-
ume of carcasses, which may be buried, burned, incinerated,
submitted to alkaline hydrolysis, composted or recycled [6].
The disposal of such material in the environment without
criteria may lead to the release of unpleasant odor, pollution
of soil and water sources and greenhouse gas emissions, due
to its high organic content [7, 8]. Thus, recycling of such
carcasses has become increasingly used in plants specifi-
cally designed to centralize large-scale processing of ined-
ible products, due to biosecurity reasons [9]. Such process
includes cutting, mixing and cooking the carcasses under
controlled temperature, pressure and time, to allow the sub-
sequent separation of oils, fats and tallows and grinding of
the dry matter [10]. The resulting meal from dead pigs may
be destined to incineration for energy production [11], to
direct disposal in soils [12], and to anaerobic digestion [13].
As occurs with conventional meat and bone meals with vary-
ing levels of available nitrogen in the initial mixtures [14],
both the slaughterhouse sludge and the meal from dead pigs
can also be used on composting, generating a compost rich

@ Springer

in humified organic matter and mineral salts with potential
use in agriculture.

On a laboratory scale, previous studies reported the inclu-
sion of 5-7% of meat/blood/bone meal obtained in slaugh-
terhouses from animal by-products to compost mixtures
[14], with the mixture with a structuring agent reaching a
volumetric ratio of 1:2 [15]. However, although meat/bone
meal from animal by-products (with a market value of US$
1500/ton) is commonly used for animal nutrition, similar
meals obtained from carcasses of dead animals cannot be
destined for animal nutrition, generating additional costs
related to their disposal. In Brazil, the legislation determines
that the compost should have a maximum 50% humidity, a
minimum pH of 6.0, a minimum nitrogen content of 0.5%
and a C/N ratio of at most 20/1 [16]. Thus, the inclusion of
meal from dead pigs in the composting process may allow
improvement on nutrient availability to the microbiota com-
post pile, resulting in a nutrient-rich compost that may be
used in agriculture as an organic fertilizer, adding value to
such type of waste.

However, composting efficiency includes the use of cor-
rect mixing ratio, the optimization of various processes such
as aeration rate, C/N ratio, moisture content and the use of
an adequate bulking agent [17]. The composition of the mix-
tures and the load of animal by-products can be limiting
for biological processes of digestion, due to the amount of
protein and lipids that may inhibit microbial activity [13].
With C/N ratio lower than 15/1 at the beginning of compost-
ing, increase in ammonia volatilization, electrical conduc-
tivity and phytotoxicity may occur [18]. On the other hand,
a reduced C/N ratio does not prevent efficient composting,
favoring the use of lower content of bulking agents [19].
The addition of bulking agents may optimize composting,
influencing interactions between biochemical and physi-
cal characteristics during the process [17]. Sawdust, straw,
brans, trims and branches are some commonly used as bulk-
ing agents. Partially decomposed organic material from the
thermophilic phase of composting [20] or mature (stable)
compost [21, 22] also can be added to the mixture as inocu-
lums, to accelerate microbial growth, altering a previously
developed microorganism population.

During composting, materials are decomposed through
the action of bacteria, fungi and actinomycetes, resulting in
the production of stabilized organic matter and humus [23].
The process is completed when the compost achieves stabil-
ity, when the microbial activity is reduced to an insignificant
level, and maturity, when the phytotoxins are reduced to
a safer level [24]. Nonetheless, the efficiency of compost-
ing cannot be evaluated considering only a single property,
since physicochemical analyses and phytotoxicity assays are
also relevant [25]. The efficiency of the composting treat-
ments including sludge from agro-industrial wastewater
treatment systems and sawdust was already reported [26,
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27]. However, considering that composts generated from
treatments including meal from dead pigs may contribute
to attenuate the dependence of agriculture on chemical fer-
tilizers, the effects of the inclusion of such meals on the
nutrient content and maturity of composts still needs to be
investigated.

The objectives of this study were to evaluate the effi-
ciency of composting with the inclusion of meal from dead
pigs from a pilot rendering plant of animal by-products (des-
tined for purposes other than animal consumption) in distinct
combinations with pig slaughterhouse sludge from waste-
water treatment system and bulking agents, by monitoring
the evolution of the composting process over time, and the
quality of the final compost, through physicochemical ana-
lyzes and phytotoxicity tests.

Material and Methods
Composting and Raw Material

The experiment was conducted in a covered industrial com-
posting facility of animal recycling, located in southern Bra-
zil, from August to November, which correspond to Spring
in the southern hemisphere, during a period of 120 days.
That was the standard composting period in the industry
where the experiment was conducted, which is also within
the periods suggested in other studies (90-150 days) [14,
28]. The facility had an impermeable concrete floor, 2-m
high lateral walls and a slurry containment and stormwa-
ter drainage systems at the back area. The meal from dead
pigs came from a rendering plant that processed inedible
products.

The tested materials were pig slaughterhouse sludge from
a primary wastewater treatment system (coagulation, floc-
culation and centrifugation), eucalyptus sawdust from local
logging companies and a stabilizing compost (used as an
inoculum). These materials were mixed for composting in
five treatments, all including a fixed 50% sawdust as the
bulking agent and the main source of carbon:

T1: sawdust and slaughterhouse sludge (50:50, v:v) was
the control, since it was considered efficient in previous
studies, based on physical-chemical stabilization [26] and
absence of phytotoxicity [27].

T2: sawdust, slaughterhouse sludge and meal from dead
pigs (50:20:30).

T3: sawdust, slaughterhouse sludge and meal from dead
pigs (50:10:40).

T4: sawdust, stabilizing compost and meal from dead pigs
(50:20:30).

T5: sawdust, stabilizing compost and meal from dead pigs
(50:30:20).

In T2 and T3, different proportions of sludge with meal
from dead pigs were tested, whereas distinct proportions
of stabilizing compost with meal were tested n T4 and T5.

The treatments were mixed in elliptical piles with
approximately 20 m? each (6 m long, 4 m large and 1.8 m
high). The piles were randomly distributed at the floor,
in duplicates, separated by 3—-5 m. The piles were turned
and homogenized weekly until the 50th day with front-end
loader, ensuring that the material in the outer zones were
turned into the internal part of the pile. Thereafter, they
were turned at 25-day intervals. Due to the low humidity
visually detected in the composting material at the 60th
day of the study, water was added to the piles, to provide
greater humidity.

Sampling and Physicochemical Parameters

Samples of the two replications were collected in seven
periods (at the 1st, 20th, 40th, 60th, 80th, 100th and 120th
day), totaling 70 samples, weighing 1.0 kg each. Subsam-
ples were taken from three central and equidistant points
of the pile and mixed to ensure homogeneity. Thereafter,
the samples were cooled at 5 °C and transported to the lab-
oratory, where they were subsequently frozen at — 20 °C.
The temperature of the piles was recorded daily, at three
radial points, at half height and at 60 cm depth, with a
digital thermometer attached to a rod. The environmental
temperature was also registered daily.

Laboratory quality control were ensured by the calibra-
tion of the equipment and by the preparation of standard
curves. All samples were analyzed in triplicate. Electri-
cal conductivity (MCA-150, MS Tecnopon®, Brazil) and
pH (MPA-210, MS Tecnopon®, Brazil) were determined
using a digital bench equipment, immediately after the
cooled samples reached the laboratory. All other analyses
were conducted in subsequently, in stored frozen samples.
The humidity was determined in a drying oven (AOAC,
1990, method 950.01). The total organic Carbon was
determined by the Walkley—Black method with heating,
the Phosphorous content was measured through UV—vis-
ible spectrophotometry (660 nm) [18] and the total Nitro-
gen through the Kjedahl (TKN) digestion method (AOAC,
1990, method 955.04).

Phytotoxicity Assays

Six seeds were used as bioindicators in the phytotoxic-
ity assays: lettuce (Lactuca sativa); cucumber (Cucumis
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sativus); celia (Celosia argentea); soybean (Glycine max);
wheat (Triticum aestivum); and rice (Oryza sativa). An
aqueous extract of samples of all treatments (1:10; w/v)
was prepared during 1 h in agitation, placed in petri dishes
with 10 seeds of each species and subsequently incubated
for 48 h at 25 °C in the dark [29]. Samples including only
distilled water (control) were also incubated. The germi-
nation index (GI) was calculated considering the relative
germination and root elongation [30].

Reference Limits for Compost Quality and Maturity

Mean values for distinct treatments were compared
against the reference values for composting recommended
by the current Brazilian legislation [16] and with industry
benchmarks [31]. The limits for the GI were adopted as a
parameter to complement maturity assessments [31, 32].

Statistical Analyses

Descriptive statistics were generated to characterize the
physicochemical parameters of the tested structuring
materials. For all responses of interest, normality was
checked using the Shapiro—Wilk test. Whenever lack of
normality was detected, transformations were conducted
to normalize the data.

Analysis of variance was used to compare the variation
in physicochemical parameters across treatments, collec-
tion periods and potential treatment per period interac-
tions. Likewise, the GI for the tested bioindicators were
also compared among treatments, period of collection and
potential interactions using analysis of variance. Subse-
quent comparisons of means were conducted through the
Tukey test.

The variation over time was predicted for the physico-
chemical parameters that presented significant effect of
the collection periods in those previous analyses (humid-
ity, pH, electrical conductivity, total Kjeldahl nitrogen,
phosphorus and C/N ratio), through linear regression
models, including polynomial adjustments for non-linear
variation.

Results and Discussion
Raw Material Characterization

The mean physicochemical characteristics and the GI of the
raw materials used in composting are shown in Table 1. The
low C/N ratio presented by both the slaughterhouse sludge
and the meal from dead pigs indicates that such materials are
a nitrogen source in the mixture, which is essential for the
protein synthesis conducted by microorganisms. In contrast,
sawdust would be a carbon source, which is a substrate for
energy generation [19].

The low humidity presented by the meal from dead
pigs (Table 1) may be due to its obtention through thermal
digestion. That can be limiting in mixtures including only
materials with humidity already close to the ideal for the
composting process (40-60%) [33], such as sawdust and the
stabilizing compost. However, such condition can be bal-
anced with the inclusion of slaughterhouse sludge, which
presented the highest humidity among all raw materials
used.

The greatest electrical conductivity observed for the
mixtures including stabilizing compost may reflect the fact
that this material was previously obtained from composting.
Thus, the mineralization that occurred during composting
likely resulted in a great concentration of compounds that

Table 1 Descriptive statistics (mean + SD) for the physicochemical characteristics and the germination index (GI) of distinct raw materials used

in composting (n=70)

Parameter Sawdust Slaughterhouse sludge Meal from dead pigs Stabilizing compost
Humidity (%) 539+0.2 67.6+0.2 7.4+0.5 49.7+4.1
pH 6.3+0.1 54+03 6.6+0.1 6.8+0.1
Electrical conductivity (mS/cm) 0.1+0.1 1.0+0.1 2.9+0.1 3.5+0.1
Total Kjedahl N (%) 0.3+0.1 5.8+0.1 89+04 2.6+0.1
C/N ratio 166.1 7.2 43 16.9
Phosphorus (%) 0.4+0.1 2.8+0.1 3.6+0.6 1.9+0.1
GI lettuce (%) 97.2+42.2 0.3 0.0 0.0

GI cucumber (%) 52.2+43.8 1.0+0.1 0.0 0.4+0.5
GI celia (%) 115.1+£20.0 0.0 1.3+2.2 0.0

GI soybean (%) 155.7+47.1 52.7+21.7 20.9+10.5 11.2+4.5
Gl rice (%) 119.7+4.2 37.6+9.3 3.0x£1.8 42+59
GI wheat (%) 36.5+19.5 5.1+4.4 3.0+1.8 45+0.8
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conduct electrical current, such as mineral salts released
from decomposition of organic matter [17].

Although the pH was generally within the values expected
for most tested materials [2], the most acid pH was observed
for the slaughterhouse sludge (Table 1). It is important to
emphasize that the contents of phosphorus and TKN in the
meal from dead pigs and in the slaughterhouse sludge indi-
cate their high potential to aggregate nutrients to the final
compost.

Among all tested bioindicators, sawdust presented the
lowest phytotoxicity (Table 1). Cucumber, celia and lettuce
seeds would be the most sensitive to phytotoxicity since they
presented the lowest overall GI. Soybean, rice and wheat
seeds would be less sensitive to phytotoxicity when in con-
tact with the tested structuring materials, although their ger-
mination was also impaired, and wheat seeds were prone
to some phytotoxicity even when in contact with sawdust.

Physicochemical Parameters

Compared to the environmental temperature, all treat-
ments generated higher temperatures already after the 5th
day (Fig. 1). During the composting phases, the treatments
including meal from dead pigs presented a similar tem-
perature pattern over time. The initial phase lasted the first
4 days, followed by the thermophilic phase (5-50 days) and,
finally, by the mesophilic maturation phase (50-120). The
highest mean temperature throughout the period (59.1 °C)
was achieved by the control treatment (T1), which was dif-
ferent from the other treatments at the 20th day (P <0.05),
which can be explained by the observed humidity (Fig. 2a)
and C/N ratio (Fig. 3b). Mixtures with meal from dead pigs
showed lower humidity (> 30%) and high nitrogen availabil-
ity (C/N below 15:1), which may have affected the microbial
metabolism activity, reflecting in temperatures lower than

Fig. 1 Temporal temperature 80 4
profile (Mean + SD) for com-
posting treatments using distinct
raw materials*. *T1 (control):
sawdust and float sludge (50:50,
v:v); T2: sawdust, float sludge
and meal from dead pigs
(50:20:30); T3: sawdust, float
sludge and meal from dead

pigs (50:10:40); T4: sawdust,
stabilizing compost and meal
from dead pigs (50:20:30); T5:
sawdust, stabilizing compost
and meal from dead pigs
(50:30:20)

Temperature (°C)

those of the control. For the control treatment, temperatures
within the pile quickly reached 70 °C and remained above
60 °C until the 93rd day. In the other treatments, with either
reduced or no slaughterhouse sludge content, temperatures
were lowered by nearly 10 °C compared to the control.
Although mean overall temperatures did not differ (P >0.05)
for the other treatments (T2=46.8 °C; T3=46.6 °C;
T4=45.9 °C; and T5=47.3 °C), all such treatments showed
temperature peaks above 60 °C, indicating the occurrence of
a thermophilic phase longer than 50 days. Such prolonged
period of high temperatures may also have contributed for
the excessive drying of the piles at the 60th day, which was
mitigated by watering the piles. After that, coinciding with
the interruption of the weekly turning, temperatures consist-
ently declined in such treatments until values close to the
environmental temperature were reached, suggesting that the
compost was stabilizing.

The comparisons of physicochemical parameters across
treatments (Table 2) indicated that the greatest humidity
was observed in the control (P <0.05). Among the treat-
ments including meal from dead pigs, TS presented greater
humidity than T4 (P <0.05), but no other differences were
observed (P> 0.05). Linear regression models indicated that
humidity declined linearly in all treatments (P <0.05), as
composting was prolonged (Fig. 2a). In T1, the humidity
was above the established upper limit (Table 3) until nearly
30 days of composting and declined subsequently, whereas
the humidity was always below that upper limit in the other
treatments. Nevertheless, the linear decrease in humidity
was more characteristic in T4 and TS5, which did not include
slaughterhouse sludge, as indicated by the greater R? of
their models. That can be attributed to the thermal diges-
tion of such wastes, since the meal from dead pigs produced
material with humidity inferior to 10% (Table 1). As such,
inclusion of meal from dead pigs should be balanced with

—Environment —#-T1 -e-T2 -4-T3 -& T4 --T5

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
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Fig.2 Linear regression models
to estimate variation in humid-
ity (a), pH (b) and electrical
conductivity (c) during 120 days
of composting for treatments
using distinct raw materials*.
*T1 (control): sawdust and
float sludge (50:50, v:v); T2:
sawdust, float sludge and meal
from dead pigs (50:20:30); T3:
sawdust, float sludge and meal
from dead pigs (50:10:40);

T4: sawdust, stabilizing
compost and meal from dead
pigs (50:20:30); T5: sawdust,
stabilizing compost and meal

Humidity (%)
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the inclusion of some content of slaughterhouse sludge
or water, to avoid an excessive reduction in humidity, as
occurred in T4, which reached the lowest humidity at the
120th day (Table 2, Fig. 2a). Additionally, the differences
in temperatures among treatments are probably related to
the fact that the humidity was inferior to 40% throughout
the period for most treatments, except for the control. Under
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such conditions, the development of microorganisms, which
require nearly 90% humidity, would be limited by the lack
of water, which would contribute to reduce the metabolic
activity inside the pile [34].

The mean pH observed in T1 tended to alkalinity (8.3)
and was greater (P <0.05) than the mean pH observed in the
other treatments (Table 2). A strong linear decrease in pH
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towards neutrality as the end of the period approached was  to that of T4, it presented a quadratic variation in pH, which
observed in T4 (Fig. 2b), with a R? of 0.62 and no polyno-  was greater than 8.0 at the second week of composting and
mial effect. In T2, T3 and T3, the pH ranged between 7.3  peaked between the 20th and the 40th days (Fig. 2b), coin-
and 7.6 (Table 2), following a cubic fluctuation over time  ciding with the period with the highest temperatures. That
(Fig. 2b). Although the model for T1 presented a R* similar ~ may be due to an increased microbiological activity and to
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Table 2 Physicochemical parameters for distinct composting treatments using distinct raw materials (data collected at 1, 20, 40, 60, 80, 100 and

120 days; n=70)

Parameter Treatments* Total
T1 T2 T3 T4 T5

Humidity (%) 42.7+3.8 25.5+2.5% 24.4+1.8% 22.5+2.7° 253+1.2° 28.1+1.4
pH 8.3+0.1° 7.5+0.1% 7.3+0.1¢ 7.440.1% 7.6+0.1° 7.6+0.1
Electrical conductivity (mS/cm) 1.8+0.1° 4.7+0.2% 4.6+0.2% 3.8+0.1° 44+0.5% 3.8+0.1
Total Kjedahl nitrogen (%) 2.0+0.1¢ 7.2+0.2° 7.9+0.2° 72+0.2° 6.4+0.2° 6.1+£0.2
C/N ratio 204+1.7° 6.5+0.4% 5.9+0.3¢ 6.5+0.3% 7.3+04° 9.3+0.7
Phosphorus (%) 2.0+0.2° 33+0.1% 33+0.1° 3.1+£04° 3.5+0.1* 3.0+0.1

*T1 (control): sawdust and slaughterhouse sludge (50:50, v:v)

T2: sawdust, slaughterhouse sludge and meal from dead pigs (50:20:30)
T3: sawdust, slaughterhouse sludge and meal from dead pigs (50:10:40)

T4: sawdust, stabilizing compost and meal from dead pigs (50:20:30)
T5: sawdust, stabilizing compost and meal from dead pigs (50:30:20)

abCMeans + SEM with distinct superscripts differ in the lines across treatments (P < 0.05)

Table 3 Final compost quality for distinct composting treatments using distinct raw materials and technical specifications for quality and matu-

rity considered in this study

Parameter Treatments® Benchmarks
T1 T2 T3 T4 T5
Physicochemical parameters Quality [16]
Humidity (%) 36.2+9.5% 25.1+2.7° 20.1+2.2° 15.3+2.3¢ 22.9+0.1% <50.0
pH 7.8+0.1° 7.6+0.1%° 72+0.3¢ 7.3+0.0" 7.5+0.0® >6.0
Electrical conductivity (mS/cm) 1.5+£0.4° 5.1+0.3% 4.7+0.5% 3.3+02° 5.0+0.2° As stated
Total Kjeldahl nitrogen (%) 2.6+0.1° 7.7+0.3% 8.0+£0.2% 7.4+0.0% 6.9+0.0° >0.5
Total organic carbon (%) 29.942.2° 38.6+0.4° 41.0+0.8% 40.8+0.7% 39.5+0.3% >15.0
C/N ratio 12.1+0.5° 5.0+0.3° 52+0.2° 5.4+0.2° 57+0.1° <20.0
Phosphorous (%) 2.2+0.0° 3.1+0.1° 3.0+0.0° 3.0+0.0° 32+0.1° As stated
Germination index for bioindicators Maturity [31]
Lettuce (%) 342+6.7 0.0 0.0 0.0 0.0 >60%
Cucumber (%) 81.7+209 0.0 0.0 0.0 0.0 (S.egure for application: reduced phytotox-
Celia (%) 63800 0.0 02400 07+£00 05+07 ¥
Soybean (%) 76.0+£5.8" 18.1+2.5° 7.7+14° 21.1+3.7° 124428
Rice (%) 63.0+£0.7 0.0 05+05 56+25 1.1+0.4
Wheat (%) 66.8+2.8° 1.0£0.0° 23+0.1> 1.6+04> 0.6+0.2°

*T1 (control): sawdust and slaughterhouse sludge (50:50, v:v)

T2: sawdust, slaughterhouse sludge and meal from dead pigs (50:20:30)
T3: sawdust, slaughterhouse sludge and meal from dead pigs (50:10:40)
T4: sawdust, stabilizing compost and meal from dead pigs (50:20:30)
T5: sawdust, stabilizing compost and meal from dead pigs (50:30:20)

abcMeans + SEM with distinct superscripts differ in the lines across treatments (P < 0.05)

the nitrogen cycle during composting [35]. Changes in pH
at the beginning of composting occur due to mineralization,
when organic nitrogen is transformed in ammonium and
ammonia through an alkaline reaction [36], increasing the
pH inside the pile [35]. The subsequent decrease in pH may

@ Springer

be related with the production of nitrate and the release of
H* during nitrification [37]. Similar results were reported by
Yang et al. [38], that reported final pH between 6.5 and 7.5
when composting swine carcasses, probably due the forma-
tion of low molecular weight fatty acids and CO,.
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Across treatments, the electrical conductivity was greater
in T2, T3 and T5 than in T1 and T4 (P <0.05), but the con-
trol treatment presented the lowest electrical conductivity
(P<0.05, Table 2). In T2, T3 and T3, the electrical conduc-
tivity increased linearly as the composting period advanced,
until values near to 5 mS/cm at the 120th day, as indicated
by their linear regression models with R? of at least 0.60
(Fig. 2c). The increased electrical conductivity observed in
T2, T3 and TS may be due to the protein and ashes con-
tent (52% and 6%, respectively) present in the meal from
dead pigs, which represents 50% of the total content of such
treatments [39]. That may also result from the reduction of
the total volume of the materials and to the biotransforma-
tion of complex materials in simpler mineral components
[17]. Composts with increased electrical conductivity,
such as those resulting from T2, T3, T4 and TS may lead
to phytotoxicity, impairing vegetable growth and germina-
tion, indicating that they should be mixed with materials or
soils with reduced electrical conductivity before their use in
agriculture [40]. However, even though T4 also presented
greater electrical conductivity than the control (P <0.05),
its temporal variation was nonlinear due a quadratic effect:
the electrical conductivity increased until nearly the 60th
day; but stabilized thereafter, showing even a slight decrease
after the 80th day of composting period (Fig. 2¢). That may
have occurred due to either volatilization of ammonia or
precipitation of mineral salts [41].

At the first day of the experiment, the total organic car-
bon content was similar for all treatments (P> 0.05), but
generally declined as composting advanced (Table S1). In
the control, the decline was already evident at the 40th day,
although the content of total organic carbon was inferior to
those of the other treatments at all three subsequent periods
(P <0.05), signaling an increase in the content of mineral
matter in the piles. In T2 and T3, which included greater
content of meal from dead pigs (more than 20%) or no sta-
bilizing compost, the decline was slower, after the 80th day
(Table S1). That may be due to the excess of nitrogen and
to the low humidity in the pile, which would limit microor-
ganism development. In fact, depending on the particle size
and on the environmental temperature, animal protein-rich
wastes may require 4—12 months to be completely com-
posted [42].

The mean concentration of TKN in the control treatment
(2.0%) was lower than those of all other tested treatments
(P <0.05), which were at least three-fold greater (Table 2).
Among the treatments including meal from dead pigs, T3
presented the greatest TKN content (P <0.05). In all treat-
ments, including the control, the TKN content was above
the established lower limit (Table 3), during the entire com-
posting period and generally increased over time (Fig. 3a).
Such an increase was more characteristic from the 60th
day (Fig. 3a), when the temperatures generally dropped

(Fig. 1), characterizing the change from the thermophilic
to the mesophilic phase, when the revolving interval of
the piles was reduced to each 25 days. At the end of the
composting period, the content of TKN was > 6% in all
treatments, except T1 (Fig. 3a). As the composting period
progressed, a slight linear increase in the TKN content was
observed in T4. As indicated by the linear regression model
applied to T4, only 16% of the total variation in the content
of TKN would be explained by the extension of composting
(Fig. 3a). Linear increase in TKN content over time was also
observed in T1 and T2, both with stronger linear associations
with composting time than T4, although T1 presented lower
mean TKN content throughout the entire composting period.
Nevertheless, in T3 and T35, the polynomial effects fitted
by the linear regression models revealed that the increase
in the TKN content was nonlinear (Fig. 3a), since it fluctu-
ated during the composting period and decreased after the
100th day. Losses in TKN are common during composting,
especially for mixtures with low C/N ratio at the beginning
of the process. Such losses may be due to the volatilization
of ammonia during the thermophilic phase [15].

The C/N ratio was greater in T1 (P <0.05) than in the
other treatments (Table 2), but it decreased linearly for all
treatments as composting was prolonged (Fig. 3b). The
control treatment presented a nearly ideal high C/N ratio
at the beginning of the period and showed a steep decline,
as expected, becoming lower than the established upper
limit after 60 days and dropping to nearly 14/1 at the 120th
day (Fig. 3b). On the other hand, despite of the differences
among the treatments including meal from dead pigs shown
in Table 2, the C/N ratio in all such treatments was much
lower than the established upper limit since the beginning of
the composting period (Fig. 3b). The greatest C/N ratio was
observed in T5 (P <0.05), whereas the lowest was observed
in T3 (Table 2), which included 40% of meal from dead
pigs and the greatest nitrogen content among all tested treat-
ments. The best initial C/N ratio for composting is usually
considered 25-30/1 [19]. The linear decrease in the C/N
ratio observed in all treatments over time would likely lead
to an increased emission of both NH; and N,O [43].

Compared to the control, all other treatments presented
greater total phosphorous content (P <0.05), with the
greatest content observed in T5 (Table 2). Although all
five treatments showed oscillations in the phosphorus con-
tent throughout the composting period, such content was
somewhat stabilized within 60-80 days, presenting a slight
reduction after that period (Fig. 3c). Generally, that variation
was nonlinear for all treatments (Fig. 3¢), even in T1, which
presented the lowest overall phosphorous content (Table 2).
That likely reflected an increase in inorganic fractions, con-
comitant with an increasingly degradation of the organic
matter [44].
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Phytotoxicity Assays

Lettuce, cucumber and celia were the bioindicators most
sensitive to phytotoxicity. Compared to the control, those
seeds presented impaired germination in all other treatments
already at the first day of composting (Fig. 4a—c), which
also occurred during the remaining of the composting
period (P <0.05). For both lettuce (Fig. 4a) and cucumber
seeds (Fig. 4b), there was no germination in any treatment

@ Springer

including meal from dead pigs within the 60th and the 120th
days of composting.

At the first day of composting, the GI of soybean seeds
was similarly high in T1, T2 and T3 (P> 0.05), but lower
in T4 and TS5 (P <0.05, Fig. 4d). As composting was pro-
longed, the GI of soybean seeds became greater in the con-
trol compared to the other treatments (P <0.05). At the end
of the period, T3 was the most phytotoxic treatment for soy-
bean seeds (Fig. 4d).
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The GI of rice seeds in T4 was greater at both the 60st and
the 120th days of composting than at the first day (Fig. 4e),
although the GI of rice seeds in all treatments including meal
from dead pigs remained lower than the GI of the control
during the entire period (P <0.05).

For wheat seeds, the IG decreased in all treatments
including meal from dead pigs at 120th day of composting
(P <0.05) compared to the initial period (Fig. 4f). Those
distinct responses among seeds may reflect differences in
their metabolic reserves and resistance mechanisms.

Quality and Maturity of the Final Compost

As temperatures required for effective sanitization must be
kept for at least 1 h for composting of animal by-products
[15], the composts from all treatments can be considered
efficient for pathogen inactivation [45], as the temperature
during composting remained above 55 °C for more than
three days.

Considering their physicochemical characteristics, all
treatments reached the requirements for agronomic qual-
ity (Table 3). Although all composts presented a slightly
alkaline final pH, the final pH of the compost from T1 was
higher than those from T3 and T4 (P <0.05). Additionally,
the electrical conductivity of the composts from all treat-
ments including meal from dead pigs was greater com-
pared to T1 (P <0.05). On the other hand, the final compost
obtained from all treatments including meal from dead pigs
presented less humidity, lower C/N ratio and greater con-
tent of organic carbon, nitrogen and phosphorus compared
to the control treatment (P <0.05). Those findings suggest
that composts from such treatments would have superior
agronomic value than the compost from T1. Nevertheless,
the decomposition of organic matter that occurs inside the
pile during intermediate stages of composting may lead to
the release of fatty acids that would induce phytotoxicity
[46]. The high content of fat, characteristic of materials of
animal origin, can also be related to increased phytotoxic-
ity, which may be minimized by prolonging the composting
period (e.g., up to 180 days). As composting is prolonged,
the total content of organic carbon is reduced, reducing the
C/N ratio and increasing the availability of nitrogen, which
may be released as ammonia. Furthermore, mixtures rich in
nitrogen may release high content of soluble salts in the pile,
which would lead to an increase in electrical conductivity
[33]. Thus, the low GI observed at the end of composting for
all tested treatments was more likely due to their increased
electrical conductivity. Since their electrical conductivity
was above 4.0 (mS/cm), the composts from T2, T3 and T5
would be considered immature [17]. As the C/N ratio is also
an indicator of compost stabilization, the control (T1) was
the only treatment presenting C/N ratio within the range
of 10/1 to 20/1 recommended for stable composts [16, 47].

All tested bioindicators germinated when placed in con-
tact with the compost obtained from the control treatment
(Table 3). However, celia and rice seeds presented only
some slim germination in contact with composts from T3,
T4 and TS5 (with very low GI), whereas lettuce and cucum-
ber seeds did not germinate in contact with any compost
from treatments including meal from dead pigs. Further-
more, no germination at all was observed for such seeds
when in contact with the compost from T2. Thus, although
the germination of celia, rice, lettuce and cucumber seeds
was clearly impaired when they were in contact with com-
posts from the treatments including meal from dead pigs,
no statistical comparisons could be made because their GI
presented either values equal to O (zero) or great disper-
sion due to a large variation present within the treatments.

Soybean and wheat seeds were the only bioindicators
that presented relevant germination in contact with com-
posts from treatments including meal from dead pigs, even
though their GI were lower compared to the control compost
(P <0.05). Therefore, the GI shown in Table 3 indicate that
the composts obtained from all treatments including meal
from dead pigs presented toxicity for all tested bioindicators.
Since a compost secure for application should yield a GI
equal or > 60% for any bioindicator [31], the compost from
T1 can be considered phytotoxic only for lettuce seeds. How-
ever, the compost from the control treatment, which did not
include meal from dead pigs, was the only one that allowed
sustained germination of the other tested seeds during the
whole period and generated a mature compost, as indicated
by the GI > 80% observed for cucumber and soybean seeds
[30]. On the other hand, as the slaughterhouse sludge con-
tent in the pile was reduced to include other materials in
T2, T3, T4 and TS, their final compost was phytotoxic for
all tested bioindicators and should be considered immature
[48], despite of the fact that some of their physicochemical
parameters were at acceptable levels. Due to those accept-
able physicochemical characteristics, the inclusion of meal
from dead pigs may be tested in future studies at levels lower
than those tested in the present study (e.g., below 20%,), to
attempt to reduce their toxicity, so the resulting compost may
become an alternative organic fertilizer that may contribute
to reduce the use of chemical fertilizers in agriculture.

Conclusions

The inclusion of meal from dead pigs produced by ren-
dering plants in composting treatments using distinct raw
materials from agro-industrial wastes resulted in nutrient-
rich composts, which may have potential agricultural use
as organic fertilizers. However, such composts were phy-
totoxic for all seeds tested as bioindicators (cucumber,
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lettuce, rice, celia, soybean and wheat) and were not con-
sidered stable, since they presented high electrical conduc-
tivity outside the recommended level.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12649-021-01422-0.
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